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INDUCTION OF MUTATIONS IN DROSOPHILA 
BY DIBENZANTHRACENE 


M. DEMEREC 
Carnegie Institution of Washington, Cold Spring Harbor, N.Y. 


Received March 9, 1948 


OON after the rediscovery of MENDEL’s laws, attempts were made to in- 

duce mutations by treatment with various chemicals. As early as 1906, 
MacDovaeat (1906, 1911) announced that he had succeeded in inducing he- 
reditary changes in several plants by injecting solutions of certain chemicals 
into the ovaries immediately after fertilization. Since his experiments were 
carried on with Oenothera and plants related to Oenothera, it is now under- 
standable why during that early period of genetics MacDovcat did not obtain 
conclusive results. Other attempts at chemical induction of mutations were 
maae by several investigators, using a number of organisms, including Dro- 
sophila. The first unquestionably successful results, however, were obtained 
by AUERBACH and Rosson (1946; 1947a, b) who induced mutations in the 
sperm of Drosophila by exposing males to vapors of mustard gas and of re- 
lated nitrogen-mustard compounds. They assumed that the mustard vapor 
entered the fly through the spiracles, was distributed within the body by the 
tracheae and tracheoles, and in some way reached the testes and affected the 
sperm. 

When I learned about the work of AUERBACH and Rosson, we were working 
at the Biological Laboratory in Cold Spring Harbor on a research project 
which involved a study of the generation and properties of aerosols (fine mists). 
I was confident that if gases could reach the testes through the tracheoles, 
very fine aerosols should also do so, and that it was possible to produce aerosols 
composed of droplets small enough for this purpose. Should it be found that 
mutations could be induced by aerosolized chemicals, then experiments could 
be conducted with any chemical capable of being dissolved in a solvent not 
lethal to the flies. Consequently, experiments were begun with aerosols of a 
long series of chemicals, representing reducing and oxidizing agents as well as 
various vital stains (DEMEREC 1945). The results were negative until an aque- 
ous aerosol of a nitrogen mustard, methyl-bis(betachloroethyl)amine, was 
tried. This nitrogen-mustard aerosol gave positive results, indicating that the 
aerosol method was effective in inducing mutations (DEMEREC 1946). 

Plans were made in the early stages of the work to test the mutagenicity of 
carcinogenic compounds; but, in order to avoid possible risks to health, these 
tests were postponed until after the effectiveness of the aerosol method had 
been determined and the technical details worked out. Carcinogens may be 
considered the most probable mutagens. What classifies these compounds as 
carcinogenic is their ability to change normal cells into cancerous cells—that 
is, to produce permanent changes in living cells which are transmitted to the 
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progeny of these cells. This criterion can also be applied to mutagens, which 
cause permanent and heritable changes, or mutations, in the germ cell. Several 
geneticists have tried to induce mutations in Drosophila by adding carcinogens 
to their food, but none has obtained positive results. In 1940 I cooperated 
with Dr. A. HOLLAENDER in an attempt to induce mutations in Drosophila by 
raising flies for twelve generations on food to which dibenzanthracene had been 
added, and also by treating the flies so obtained with ultraviolet radiation. 
Both experiments gave inconclusive results. Apparently it was not possible, 
through the medium of food, to reach the germ cells of the flies with sufficient 
amounts of the chemical to produce a detectable number of genetic changes. 

When it was found that the aerosol method was effective in inducing muta- 
tions with chemicals, experiments using aerosols of carcinogens were started. 
The first to be used was 1,2,5,6-dibenzanthracene (DEMEREC 1947). The meth- 
ods employed in this work, as well as the results obtained with dibenzanthra- 
cene, are described in the following sections. 


METHOD OF TREATMENT 


In our experiments it was found convenient to generate the aerosol by 
means of a De Vilbiss-40 glass nebulizer. As this instrument is used extensively 
for treatment of asthma and various respiratory infections, it is easily obtain- 
able in drug stores. From three to five ml of the solution to be used are placed 
in the nebulizer, and an aerosol is generated by an air stream of six | per 
minute regulated by a flow meter (Linde Oxygen Flow Meter). The aerosol so 
obtained is carried by a plastic tube into a 250 ml milk bottle, which acts as 
a condenser by eliminating the large droplets that occasionally come out of the 
nebulizer. From this bottle the aerosol is piped into the treatment bottle, 
which contains the male flies and a regular culture medium. The aerosol drop- 
lets reaching this bottle are less than 1.5 microns in diameter. The excess 
aerosol is piped from the treatment bottle into a jar containing activated char- 
coal, and then into the exhaust pipe. The opening of the tube leading to the 
exhaust pipe is covered with a piece of gauze to prevent the flies from entering 
it; it is not necessary to protect the opening of the tube which brings in the 
aerosol. The length of treatments varied from 6 to over 200 hours. Since the 
aerosol droplets are very small, they persist in the air for a long time, particu- 
larly when oil is used as a solvent. Therefore it is sufficient that the aerosol be 
generated at intervals during the treatment; this insures a fairly uniform con- 
centration of the aerosol in the atmosphere of the treatment bottle. In our 
experiments, aerosol is generated for 30 seconds every 30 minutes. Thus about 
3 | of fresh aerosol pass every 30 minutes through the tubing, condenser bottle, 
and treatment bottle. This amount is sufficient to renew the atmosphere of 
these containers. Air pressure is generated by an electric air pump. Since this 
pump is run automatically by a time switch, the apparatus does not require 
attention even during long treatments, except for an occasional check to see 
that the treatment bottle does not become too sticky (in this case it is re- 
placed by a fresh bottle). 
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When a carcinogen, or some other chemical that may be toxic, is used in 
treatment, another tube is inserted into the system between the condenser 
bottle and the air source, by-passing the nebulizer. At the completion of treat- 
ment, or during treatment if the treatment bottle has to be changed, air is 
passed through this tube to push out the aerosol-containing atmosphere from 
the system. 

A diagram of the apparatus is given in fig. 1. 
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Ficure 1. Diagram of the apparatus used for treatment of Drosophila with aerosols. Aerosol is 
generated by a De Vilbiss-40 glass nebulizer, with an air flow of about 61 per min. regulated by a 
flow meter (Linde Oxygen Flow Meter). The aerosol is carried by a plastic tube into a “condenser” 
bottle, to eliminate large droplets, and from there into a “treatment bottle” containing the flies; 
finally it is discharged through an exhaust tube, which if necessary may be passed through a 
container of activated charcoal. The tube between the flow meter and the condenser, by-passing 
the nebulizer, is used to clear the system of aerosol whenever treatment is stopped or interrupted. 
Aerosol is generated intermittently, for 30 sec every 30 min. This is accomplished automatically 
by using an electric pump controlled by a time switch to supply the air pressure. 


EXPERIMENTAL PROCEDURE 


In these experiments sesame oil was used as a solvent, since dibenzanthra- 
cene is soluble in oil but not in water. We worked with solutions close to 
saturation point, at 22°C. Precautions were taken not to let the temperature 
go below this point during treatment, because that might have caused crystals 
to form in the nebulizer and clog up the fine tubes of the instruments. A solu- 
tion was prepared by dissolving 27 mg of dibenzanthracene in 10 ml of sesame 
oil. In the course of experiments two different batches of the chemical were 
used, the first purchased from Eastman Kodak Co., Rochester, N. Y., and the 
second from Edcan Laboratories, South Norwalk, Conn. 

Wild type males of Oregon-R stock of D. melanogaster, at least two days old, 
were given the aerosol treatment. After the completion of treatment the males 
were kept in vials for several hours, usually over night, to allow injured and 
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weak individuals to die. The surviving males were mated singly, each with two 
virgin females. The treated males were kept with these females for ten days 
after the completion of treatment, and then discarded. This procedure made 
it very probable that in all our experiments we were testing sperm that was 
mature at the time of treatment. The experiments were designed and the 
records kept in such a way that results obtained with each individual male 
could be analyzed separately. 

The treated males were tested for the presence of X chromosome lethals and 
of chromosomal translocations involving any two of the four chromosomes. 
Because the methods used in these tests are important for the interpretation 
of results, they will be described here in detail. 

Method of testing for X chromosome lethals. Instead of C/B stock, we used in 
our experiments the stock known as Muller-5. This carries the sc* inversion as 
well as another small inversion within it. According to BRIDGES-BREHME 
(1944), the first break of the sc* inversion follows band 1B2 on the BRIDGES 
salivary-gland chromosome map, and the second break is located in section 
20B. The approximate locations of the breaks of the small inversion were de- 
termined by Dr. BRucE WALLACE as follows: first break in region 6A,B; 
second break in section 10F. For all practical purposes, these two inversions 
eliminate crossing over along the whole length of the X chromosome. Muller-5 
carries sc*, w*, and the dominant marker B. Homozygous females as well as 
males have good viability and fertility. 

Muller-5 stock has two advantages over C/B. The first is that, since it is 
kept homozygous, all F; females may be used in tests and thus a larger number 
of tests can be made with the offspring of a similar number of treated males. 
The second, and by far the greater, advantage is that the genetic constitution 
of one half of the F, females is identical with the constitution of the parent F; 
female, so that if the number of F, offspring is not adequate to complete an 
analysis a larger number can readily be obtained by raising an F; generation. 
Also, by selection of heterozygous females from generation to generation, the 
treated X chromosome can be propagated indefinitely. 

In our experiments, F; females from the cross between two Muller-5 females 
and one treated male were individually mated, each with two Muller-5 males. 
These F2 cultures were raised in shell vials, on cornmeal-agar-molasses medium 
which in the more recent experiments was enriched by the addition of dead 
yeast. A lethal in the X chromosome is revealed by the absence of wild type 
males in F; cultures. Such cultures have only sc* w* B males, instead of both 
sc® w* B and wild type. Since B males and wild type males can be recognized 
easily, preliminary scoring was done with a low power microscope through the 
glass vial. Cultures indicating the presence of a lethal, as well as doubtful ones, 
were put aside and their flies examined under ether. 

As the number of flies that can be obtained from a vial is not large, every 
culture not containing wild type males was tested through the F; generation 
before it was concluded that a lethal was present in the treated X chromosome. 
Cultures were scored as lethal which had less than two percent of wild type 
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males among at least 50 Muller-5 males, or—if numbers of Muller-5 were 
deficient owing to occurrence of a semilethal—which had less than one percent 
of wild type males among at least 100 females. Cultures which had a small 
excess of wild type males over the standard set by us were considered as carry- 
ing a semilethal, and were scored as not lethal. 

As a routine procedure for F; tests of all cultures suspected of carrying a 
lethal, three Muller-5/+ females from each of these F; cultures were mated 
singly with Muller-5 males. Regular culture bottles were used. In addition, one 
such female was mated with ec ct v g males for linkage tests, to determine the 
position of the lethal on the chromosome. Thus, altogether, tests involving 
four single F, females were made. Single females were used in these tests in 
order to facilitate detection of cases where the F; female was mosaic for lethal 
and for wild type. It was shown by AUERBACH (1947) that such mosaics are 
frequent in experiments with mustard gas; and they were observed in our 
experiments with dibenzanthracene and with various other carcinogens. 

All F; cultures that had only a few flies and no wild type males among them 
were retested through another generation by making several matings of single 
Muller-5/-+ females and Muller-5 males. It has been observed that the incidence 
of lethals in poorly going cultures is considerably higher than the incidence of 
lethals in well-going cultures of the same experiment. When Muller-5 stock is 
used, every culture of an experiment can be scored without excessive labor. 
This is not so if C/B stock is used. In the C/B method, cultures having only 20 
or 25 flies are usually discarded as poorly going; and, if the incidence of lethals 
in these cultures is high, discarding them lowers the proportion of lethals in 
the experiment. This seems to be a reasonable explanation of the considerably 
lower frequency of spontaneous lethals (0.04 percent) recorded in earlier ex- 
periments where the C/B method was used (DEMEREC 1946), as compared with 
the frequency recorded for controls of the present experiments (0.3 percent) 
where the Muller-5 method was used. As long as the same system of scoring is 
used in any one series of experiments, however, the results obtained are com- 
parable within the series. 

As a rule, the location of every lethal was determined through linkage tests. 
For this purpose, ec ct v g stock was used. These four characters are spaced 
along the X chromosome so that they divide it into five segments. The location 
of each lethal in relation to these segments was determined, that is, each lethal 
was “placed” in one or another of the segments. The reason for thus locating 
the lethals is threefold. First, if several lethals are obtained from a single male 
and all are located in the same segment, one may reasonably assume that these 
lethals had a common origin, namely, that the testes of that particular male 
were mosaic, with a sector containing the sperm carrying that lethal. In our 
experiments we found five such instances among 1473 males tested. These had 
from four to nine lethals apiece, but each was scored as only one lethal. On the 
other hand, if several lethals from one male are distributed among the five 
regions at random, it is reasonable to assume that they originated independ- 
ently of one another. 
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The second reason for determining location of lethals is the value of such 
information for detecting specificity of the treatment. If the lethals found in 
various males of one experiment are distributed at random among the five 
segments, a nonspecific effect of the agent inducing these lethals can be as- 
sumed. If it should happen that they were grouped in one segment, however, a 
specific effect of the agent would be indicated. Such specificity has not yet been 
detected, but it might well happen that some agent would show a differential 
effect between heterochromatic and euchromatic regions of a chromosome. 

Finally, the third reason for locating lethals is that by doing so we are able 
to detect chromosomal aberrations that occur coincidentally with lethals. As 
indicated by the results obtained in experiments with X-rays, the frequency 
of such coincidences is quite high. 

Methods of testing for translocations. A multichromosomal stock carrying 
attached-X chromosomes with yellow as a marker, brown in the second chro- 
mosome, ebony in the third, and eyeless in the fourth, was used to detect 
translocations. The system of matings was as follows: 


y; bw/bw; e/e; ey/ey2 X+treated 
y; bw/bw; e/e; ey/ey? X+; +/bw; +/e; +/ey Fie 


Translocation between any two chromosomes is indicated among the second 
generation offspring by a complete linkage between the markers of the respec- 
tive chromosomes. 

In recent experiments, a stock lacking the fourth chromosome marker eye- 
less was used. Females of this stock are considerably more fertile than those 
of the one used earlier; and use of this stock made the work more effective, 
since a larger proportion of cultures produced offspring, and also saved time, 
since fewer cultures had numbers of offspring low enough to require retesting. 
If the chromosome breaks giving rise to translocations occur at random, omis- 
sion of the fourth chromosome would not have much effect on the total number 
of translocations observed, because it is very small and constitutes only a 
minute fraction of the total chromosomal complex. 


EXPERIMENTAL RESULTS 


The results of experiments with X chromosome lethals obtained from treated 
males and from controls are given in table 1. The experimental work with 
dibenzanthracene reported here was carried on during a period of almost eleven 
months; and control experiments were also done at intervals during the same 
period, in order to detect any change that might occur in the spontaneous 
mutability of the stock. 

Except in one experiment, the proportion of lethals among the offspring of 
treated males was consistently higher than among the offspring of control 
males. Of the 49 lethals of the treated series, 43 were analyzed with an ec ct v g 
tester for location in the X chromosome. These tests revealed that 3 were con- 
nected with chromosome aberrations. These were analyzed further by a study 
of the salivary-gland chromosomes, and all were shown to be inversions. The 
other 40 were located in five sections of the X chromosome, as shown in table 1. 
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TABLE 1 


X chromosome lethals obtained from males exposed to aerosol of saturated solution of 1,2,5,6-dibenz- 
anthracene in sesame oil (27 mg in 10 ml) and from controls consisting of untreated males and males 
treated with aerosol of sesame oil. (C.A.=chromosomal aberrations.) 


























Jeckcpieinens caueees LETHALS DISTRIBUTION OF LETHALS 
sam. Ls ncesgaare eee TESTED IN CHROMOSOME REGIONS 
DATE MENT ———_——- 
= Hours 7 "=? LE- 
TOTAL % TOTAL C.A. 1 2 3 5 
THAL 
116 12-19-46 12 4 662 7 1.06 6 1 2 1 1 _— 1 
117 1- 2-47 63 6 1,341 8 0.60 6 1 1 2 1 _— 1 
118 1- 6-47 134 17 1,254 16 1.28 16 1 3 4 1 + 3 
182 8-13-47 120 13 875 14 1.60 13 0 3 2 3 5 _ 
202 10- 7-47 215 ) 647 2 0.31 2 0 1 1 _— — —_ 
Total 49 4,779 47 0.98 43 3 10 10 6 9 5 
Controls, untreated 
128 4- 4-47 _— 17 1,342 2 0.15 1 _— 1 —- - -- — 
212 10-28-47 — 15 1,168 4 0.34 3 a 1 -— 1 ae 1 
Total 322,510 6 0.24 $ — 2=— 1— 
Controls, sesame oil 
122 2-24-47 63 17 1,118 4 0.36 4 _— — _— 1 1 2 
125 3-18-47 10 14 1,021 3 0.29 3 —_ 1 _ _ 
129 4- 4-47 60 7 401 0 0 -- — —_— — — — —_— 
177 8- 5-47 104 ii 729 3 0.41 3 —- —- 1 1 _ 1 
214 10-31-47 193 9 1,117 5 0.45 5 == — — 3 1 1 
238 12-11-47 52 20 1,084 2 0.18 — _ _ _— _ _— 
239 12-13-47 50 13 1,075 3 0.28 —_ _ _ _ —_ _ _ 
240 12-11-47 140 11 951 2 0.21 —_ — _ _ _ _ _ 
Total 102 7,496 22 0.29 15 _ 1 1 5 4 4 
Total controts: 134 10,006 28 0.28 19 _ 3 1 6 + 5 








Similarly, 19 lethals from the control series were located according to section 
of the X chromosome. None of them was connected with chromosomal aber- 
ration. 

Results of the tests for translocations are given in table 2. One translocation 
involving the second and third chromosomes was found. 


TABLE 2 


Tests for translocations between chromosomes of males treated with aerosol of saturated 
solution of 1,2,5,6-dibenzanthracene in sesame oil. 





NUMBER TESTED 








EXP. TREATMENT 
DATE - TRANSLOCATIONS 
NO. HOURS 
MALES SPERM 
182 8-13-47 120 12 292 1 T2-3 
202 10 -7-47 215 26 1391 0 
DISCUSSION 


The data presented in this paper indicate that mutations can be induced in 
the sperm of Drosophila males by exposing them to an aerosol of a saturated 
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solution of 1,2,5,6-dibenzanthracene in sesame oil. In six experiments, 47 
lethals were found among 4779 treated X chromosomes, whereas in ten control 
experiments 28 lethals were found among 10,006 chromosomes tested. The 
percentage of lethals in treated material was 0.98+0.14, in controls 0.28 
+0.053; and the difference is 0.70 +0.15—that is, 4.67 times its standard error. 
This difference is significant. 

Unquestionable proof of the mutagenic effectiveness of the treatment is 
furnished by the discovery of chromosomal aberrations. Since spontaneous 
chromosomal aberrations are very rarely found in Drosophila, the occurrence 
of even a small number of aberrations in the experiments is good evidence of 
the effectiveness of the treatment. 

Treatments with an aerosol of the solvent (sesame oil), given in eight experi- 
ments during the period when the work with dibenzanthracene was in progress, 
gave results (0.29%+0.062) not differing significantly from those obtained 
with untreated controls (0.24% +0.098). Therefore it seems reasonable to as- 
sume that the observed effects were produced by the action of the dibenzan- 
thracene. 

What is the probable way by which dibenzanthracene reached the sperm? 
Since treated flies were kept in an atmosphere containing the aerosol, they 
came into contact with the dissolved chemical both at the surface of the body 
and through the tracheae and tracheoles. It is also possible that some of the 
chemical entered the flies through the digestive tract, since they could have 
picked up material that condensed on moist paper and on culture medium in 
the treatment bottles. 

It seems unlikely, however, that the mutagenic effect was produced by 
chemical entering through the digestive tract, because no such effect has ever 
been observed in experiments in which dibenzanthracene was added to the 
culture medium. In the experiments made in cooperation with HOLLAENDER, 
both larvae and adults of 12 generations were raised on medium containing 
dibenzanthracene, without any detectable mutagenic effect. It must be con- 
cluded that the chemical either was destroyed in the digestive tract or could 
not be absorbed through the walls of the intestines. 

Of the other two possibilities mentioned above, it seems more likely that the 
dibenzanthracene reached the sperm through the tracheoles rather than 
through the outside membranes of the body. If the outside membranes were 
sufficiently permeable to this chemical, some effect should have been obtained 
in the feeding experiments. 

Therefore it seems likely that the dibenzanthracene enters the body of the 
treated male through the spiracles and comes into proximity with the testes 
through the tracheae and tracheoles; particularly since the droplets of the 
aerosol used are small enough (less than 1.5 ml in diameter) to penetrate with 
the air through the finest tracheoles. If this is the route by which the chemical 
reaches the testes, it must first pass through the tracheolar walls, enter the 
hemolymph, pass through the testicular membrane, and so come into contact 
with the mature sperm present in the testes, there to produce the effects de- 
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tected in the experiments—namely, gene changes and chromosome breaks. It 
may appropriately be asked whether the dibenzanthracene molecule is changed 
during its passage through the living cells, and whether the mutagenic effect 
is produced by the molecule itself, by a modified molecule, or by a product of 
the splitting of the original molecule. At present we have no experimental 
evidence that would suggest an answer to these questions. 

Distribution of lethals. Mutagenic agents like X-rays, ultraviolet rays, and 
other radiations, as well as mustard compounds, have proved very useful as 
means for increasing the frequency of genetic changes, and thus have greatly 
facilitated the study of the mechanical basis of heredity. But, because none of 
these agents produces specific changes, they are not suitable for determining 
the nature of chemical reactions responsible for a change occurring in a gene. 
Short-wave radiations make available large amounts of energy within the 
regions of a cell where effects take place, and these amounts are ample to 
initiate a great variety of chemical reactions. Therefore it is not to be expected 
that such radiations would induce specific genetic changes traceable to specific 
chemical reactions. When a chemical substance reacts with a gene, however, 
considerably smaller amounts of energy are involved, so that it may reasonably 
be expected that in some cases specific gene changes will be produced by cer- 
tain chemicals. Even then, the expectancy for finding specific mutagens may 
be very low. As it is very likely that genes are complex molecules, which differ 
from one another in number of molecular groups and in arrangement of these 
groups rather than in basic chemical composition, it seems likely that similar 
chemical reactions are possible in any one of the genes, and that the biological 
effect of one such reaction will be determined by the gene in which it occurs. 
Thus it seems probable that similar chemical changes will produce a certain 
biological effect when they occur in one gene and a different effect when they 
occur in another. Therefore the chance of finding a specific mutagen, even 
among chemicals, is very slight—although not necessarily zero. 

Changes induced by mutagenic agents are of two types, namely, changes in 
genes and breaks in chromosomes. The chemical reactions inducing one type of 
change may be sufficiently different from those inducing the other type so that 
specific mutagens might be found which could differentiate between them. 
Neither short-wave radiations nor mustard compounds can do this. 

These ideas formed the background for the planning of our experiments to 
test the mutagenic properties of various chemicals. Experiments were so de- 
signed as to reveal whether any specificity was indicated. The distribution of 
lethals among the five sections of the X chromosome was determined; grouping 
of lethals in any one of these regions would have suggested specificity. Tests 
were also made to determine whether the treatment was capable of inducing 
chromosome breaks. 

The positions of lethals within the X chromosome were determined by link- 
age tests, using ec, cl, v, and g as markers. These four genes divide the chro- 
mosome into five sections, the linkage-map lengths of which are 5.5, 14.5, 13, 
11.4, and 26.5. Comparisons between linkage maps and salivary-gland chro- 
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mosome maps indicate that, per number of bands, crossing over is less fre- 
quent in the distal region of the X chromosome than in other regions. It is 
generally consideréd that salivary chromosome maps more closely approximate 
the actual distances between loci than do linkage maps. The lengths of the 
segments expressed in terms of numbers of salivary chromosome bands are: 
125, 174, 172, 154, and 416. As shown in table 1, the lethals from the treated 
series are distributed among the sections as follows: 10, 10, 6, 9, 5. There seems 
to be a slight excess of lethals in the first section and a deficiency in the fifth. 
Lethals have been found scattered all along the chromosome, however; and in 
the central region their distribution is at random. This indicates that the 
mutagenic action of dibenzanthracene is not specific, in other words, that it is 
capable of inducing changes in a large number of loci, which are distributed at 
random at least in the central region of the X chromosome. 

Chromosomal aberrations. Three cases of chromosomal aberration were found 
among 43 lethals from treated cultures. One each was found in experiments 
116, 117, and 118. Salivary-gland chromosome analysis completed by Mrs. 
Dorotuy WEI CHENG established that in all three cases the aberrations were 
inversions. The aberration of experiment 116 consisted of two short inversions 
in the X chromosome: the breakage points of the first inversion in 7C and 8D, 
and those of the second in 11A and 12A. The breakage points of the inversion 
found in experiment 117 were in 7C and 9F, and those of the inversion in 
experiment 118 in 9D and 11E. Altogether, therefore, four inversions were 
found. 

It is of interest to note that no translocation was found among the aberra- 
tions. That translocations may occur is shown by the data given in table 2. 
If breaks and subsequent fusions occur at random among the chromosomes of 
a nucleus, translocations should be four times as frequent as inversions. Experi- 
ments with X-rays (BAUER, DEMEREC, and KAUFMANN 1938) have indicated 
that realized breaks occur with a higher-than-expected frequency within the 
same chromosome, the observed ratio between translocations and inversions 
being close to 2:1. Although the number of aberrations found in this experi- 
ment is small, the observed distribution strongly indicates that in the sperm 
treated with dibenzanthracene realized breaks in the X chromosome (inver- 
sions) were considerably more frequent than realized breaks involving two 
chromosomes (translocations). The data suggest also that realized breaks in- 
volving the same chromosome occurred in a higher proportion of cases here 
than in material treated with X-rays. Since the frequency of realized breaks is 
a function of the number of breaks and of successful fusions of broken seg- 
ments, the tendency found here for realized breaks to be grouped within one 
chromosome suggests that the treatment with dibenzanthracene either (1) 
favors the occurrence of multiple breaks within a chromosome, or (2) favors 
preferential fusion of broken pieces of the same chromosome. Of these possi- 
bilities, (1) seems the more probable. 

Variations in the effect. Inasmuch as table 1 lists experiment 202, in which a 
215 hour exposure was ineffective in inducing mutations, something should be 
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said regarding variability in the effectiveness of treatments. This has been 
observed not only im the experiments with dibenzanthracene but also in ex- 
tensive experiments that are now in progress with other carcinogens. Occa- 
sionally, identical exposures give quite different results, one experiment being 
positive and another negative. Moreover, it has been observed that males 
given the same treatment are as a rule affected to different degrees, that is, 
mutations are not distributed at random but are more frequent in certain 
males. Subsequent analysis of such mutations shows that, although found in 
the same male, they are independent in origin. The situation here seems to be 
similar to that observed by AUERBACH and Rosson (1947a) in experiments 
with mustard compounds. A comparable variability in the effectiveness of 
treatment has also been found in our experiments with other carcinogens. This 
problem of variability is now being investigated. The results observed so far 
indicate that it may be due to differences between flies in their sensitivity to 
the mutagenic action of dibenzanthracene and other chemical mutagens; and 
evidence has been obtained which suggests that the genetic constitution of the 
flies may be responsible for these differences. 


SUMMARY 


A method is described for inducing mutations in Drosophila males by ex- 
posing them to aerosols of mutagenic chemicals. 

Data are presented showing that 1,2,5,6-dibenzanthracene is mutagenic; 
specifically, that it induces X chromosome lethals and chromosomal aberra- 
tions. 

The mutagenic effect is not specific, since the induced lethals are located in 
different regions of the chromosome. 

The results indicate that the ratio between inversions and translocations is 
not random. The proportion of inversions seems to be even higher here than 
in experiments with X-rays. This suggests that treatment with dibenzanthra- 
cene favors the occurrence of multiple breaks within a chromosome. 
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I. INTRODUCTION 


| ie a preliminary paper (PREER 1946) it was shown that certain animals of 
variety 2 of P. aurelia may increase in number faster than the particles of a 
self-reproducing cytoplasmic factor which they carry. This cytoplasmic factor, 
termed “kappa,” is concerned with the character known as “killer.” Animals 
which contain a sufficient quantity of kappa are killers and liberate one of a 
group of closely allied antibiotics called “paramecins” into the fluid in which 
they live, making it poisonous to certain “sensitive” stocks. When animals in- 
crease faster than kappa, the number of particles of kappa per animal de- 
creases until finally it reaches zero in some individuals. When animals with a 
decreased number of particles, but not completely lacking them, reproduce 
slowly, the number of particles of kappa increases faster than the animals until 
the original concentration is restored. It was shown that these changes in 
number of particles of kappa per animal are accompanied by both quantitative 
and qualitative changes in the killer character of the animals. 

These changes in kappa concentration brought about by variation in repro- 
ductive rate, together with the accompanying changes in the character of the 
animals, have suggested explanations for numerous problems associated with 
self-reproducing bodies within the cytoplasm. Attention has centered on these 
problems recently as a result of the work of SONNEBORN on Paramecium (1943 
and 1945a, b), LINDEGREN (1945) and SpreceELMAN (1945) on yeast, 
L’HERITIER and S1cor (1944-45) on Drosophila, BILLINGHAM and MEDAWAR 
(1947) on guinea pigs, and numerous workers on cancer. SONNEBORN (1947a, 
b) has interpreted certain of his data on the cytoplasmic factor, kappa, in 
variety 4 of P. aurelia as involving similar variations in particle concentration 
due to fission rate. As he points out, changes in the concentration of particles 
of self-reproducing cytoplasmic components, however brought about, may be 
of fundamental importance to an understanding of many biological problems, 
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such as developmental differentiation, “Dauermodifikationen,” senescence and 
protozoan life cycles, and heredity in bacteria and other vegetatively reproduc- 
ing forms. 

Our knowledge of kappa in P. aurelia began with SONNEBORN’s (1943) in- 
vestigation of the determination and‘inheritance of the killer character. The 
full genetic analysis has been carried out only for killers of variety 4 of this 
species. The production of paramecin depends upon the presence of the cyto- 
plasmic factor kappa which is maintained and increased only in the proper 
genetic background, namely in the presence of a dominant gene, K. If K is 
replaced by its recessive allele, k, kappa disappears in the course of a few 
fissions and the resulting clone no longer produces paramecin; in fact, it be- 
comes sensitive to the action of paramecin. If the gene K is reintroduced after 
kappa has been lost, kappa is not reformed and the production of paramecin 
is not resumed. Thus, gene K cannot initiate the production of kappa, but in- 
its presence kappa is maintained and increased providing some kappa is al- 
ready present. The ability to produce paramecin can be restored to sensitives 
with gene K by reintroducing some cytoplasm from a killer during conjuga- 
tion; both kappa and the restored killer character are thereafter maintained 
permanently during reproduction. 

The possibility of controlling the concentration of kappa in the variety 2 
killers of P. aurelia by taking advantage of the relation between the rate of 
multiplication of the animals and the rate of increase of kappa has provided a 
technique for investigating certain properties of kappa. This technique has led 
to the discovery of three characteristics of kappa (PREER 1946): (1) the num- 
ber of particles of kappa per animal; (2) the rate of increase of kappa; and 
(3) the capacity of a single particle of kappa to restore, under appropriate 
conditions, the normal concentration. 

The present paper provides in full the data upon which the preliminary 
paper was based, together with the results of new work on the same and related 
problems. Data are given which bear on the rate of increase of kappa under 
different conditions of temperature, fission rate of the paramecia, and concen- 
tration of kappa. Much new material is presented for the determination of 
particle number and rate of increase of the particles, and all of the pertinent 
data are treated here by mathematical relations recently derived by R. R. 
OTTER of PRINCETON UNIVERSITY (private communication) which are a great 
advance over previously employed mathematical techniques. These relations 
which OTTER has derived provide the theoretical starting point for any quanti- 
tative study involving the distribution of self-reproducing cytoplasmic parti- 
cles. 


IT. THE STOCKS AND THEIR CHARACTERS 
A. The stocks 


Eight of SONNEBORN’s stocks of P. aurelia have been used in this study. 
Each stock consists of the descendants of a single individual isolated from a 
stream or pond. A list of the stocks and their sources follows (see SONNEBORN 
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1938): stock E from Elkridge, Md.; stock G from near Pinehurst, N. C.; stock 
H from Halethorpe, Md.; stock K from Baltimore, Md.; stock 36 from Ham- 
den, Conn.; stock 50 from an unknown locality in Oregon; stock 53 from 
Bloomington, Ind.; stock P from Woodstock, Md. 

Seven of the stocks (E, G, H, K, 36, 50, 53) belong to variety 2 of P. aurelia 
and one stock (P) belongs to variety 1. (See SONNEBORN and DIppELL 1946, 
for an account of the varieties of P. aurelia.) Variety 2, which has formed the 
main basis for this work, is a separate genetic species, for its sexual isolation 
from the other varieties is complete. 


B. Killers and non-killers 


Four of the variety 2 stocks (G, H, 36, 50) and one mutant (Gm1), derived 
from stock G in the course of the investigation are called “killers,” for they 
liberate the antibiotic, paramecin, into the fluid in which they live, making it 
poisonous to certain other stocks. The paramecin produced by any one stock 
is not poisonous to the animals which produce it, but is poisonous to the ani- 
mals of certain other killer and non-killer stocks. For example, the paramecin 
produced by stock G kills all the other seven stocks except stock 53; and the 
paramecin produced by stock 50 kills all the stocks except 36, K, and possibly 
H. When animals are killed by the paramecin produced by a particular stock, 
they are said to be “sensitive” to that paramecin; when they are not affected 
by a particular paramecin, they are said to be “resistant” to that paramecin. 
The terms “sensitive” and “resistant” only have meaning relative to the para- 
mecin produced by a particular stock. For instance, the killer stock H is re- 
sistant to its own paramecin, yet sensitive to the paramecin produced by stock 
G. Early in the course of the investigation the killer stock G was singled out 
for most intensive study. Consequently, there will be given more detailed 
accounts of this stock than the others. 

The remaining four stocks (E, K, 53, P) were non-killers and were used as 
detectors of paramecin. As has been pointed out, these stocks differ in their 
susceptibility to the different killers. The variety 1 stock, P, was found to be 
sensitive to all the killers, and was adopted as a standard for the detection of 
paramecin. Stock E was originally described by SoNNEBORN (1939) as a killer 
similar to stock G. At present, however, this stock is no longer a killer. Re- 
peated tests carried out by the author under a variety of conditions show that 
not only does it fail to kill, but it is now sensitive to the paramecin produced 
by stock G, paramecin to which it was formerly resistant. Loss of the killer 
character was reported for a stock of variety 4 by SONNEBORN (1943). Such 
losses are understandable in view of the observations presently to be set forth. 

Permanent non-killer cultures of each of the four killer stocks (G, H, 36, 50), 
in addition to the four normally non-killer stocks, have been produced in the 
course of this investigation by means which are described in Section V. It will 
be shown there that these cultures have lost the killer character because they 
have lost the cytoplasmic factor, kappa. The non-killer culture of each of the 
killer stocks is sensitive to the paramecin produced by certain of the killers and 
resistant to that produced by others, just as in the case of the non-killer stocks. 








“KAPPA” IN PARAMECIUM 353 
C. The paramecins 


Following the method of SONNEBORN, JACOBSON, and D1pPELt (1946) who 
named the paramecin produced by the variety 4 stock 51, Pn51, we may desig- 
nate the variety 2 paramecins as PnG, PnH, Pn36, Pn50, and PnGm1. The 
letters Pn signify paramecin, and the following letter or number indicates the 
stock or mutant which produces the paramecin. For instance, PnG means the 
paramecin produced by stock G; and PnGm1 means the paramecin produced 
by stock G, mutant strain number one. 

All paramecins ultimately kill sensitives, but they differ in the way they 
affect sensitives prior to killing. Further, any one paramecin produces char- 
acteristically different prelethal stages on different sensitive stocks. These dif- 
ferences are, however, minor in comparison with the diversities between the 
actions of different paramecins on the same stocks. 

The characteristic prelethal effects of the different paramecins are as follows: 
PnG causes spinning of sensitives about their longitudinal axes in a direction 
the reverse of the normal rotation of swimming. PnH causes vacuolation and 
swelling. Pn36 and PnS0 are identical in action; they combine the effects of 
PnG and PnH, producing spinning as well as vacuolation and swelling. PnGm1 
produces paralysis. The effects of these paramecins will now be given in more 
detail. 


D. The action of PnG 


1. Previous observations on PnG 


There have been previous observations on the action of PnG. SONNEBORN 
(1939) noted that PnG caused animals to “stop feeding, develop many crystals 
in the cytoplasm, and spin vigorously on their longitudinal axes. Within a few 
days all die.” SONNEBORN (unpublished) further noted that PnG induced, in 
certain sensitive stocks of variety 1, clumping somewhat resembling the ag- 
glutinative sex reaction; but conjugation never occurred. The “agglutinated” 
animals also spun while paired. 


2. The response of stock P to PnG 
a. General features 


The following observations confirm and extend those of SONNEBORN. The 
effects of PnG may be illustrated by the sequence of responses of stock P at 
27°C. The first observable response appears after about two hours, when the 
animals swim in wide spirals, alternately rotating for a few seconds on their 
longitudinal axes in a direction the reverse of normal, and then rotating nor- 
mally. The reverse rotation then becomes faster and more frequent; forward 
motion slows down; and by the end of three or four hours the animals spin 
vigorously and continuously on their longitudinal axes, often in the absence of 
forward locomotion. The direction of spinning is invariably in a reverse direc- 
tion to the rotation of normal swimming. After four to six hours, when spinning 
has reached its peak, the pseudo-conjugation referred to above may be ob- 
served. At this time the clear appearance of the animals indicates that they 
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have stopped feeding. After seven to nine hours, there appear macronuclear 
changes typical of those occurring during normal fertilization processes (auto- 
gamy and conjugation). Subsequently the spinning becomes much slower and 
many animals merely swim in wide spirals with reversed rotation; partial 
paralysis may result; crystals develop in the cytoplasm. During the next five 
or six days the animals also assume a pear-shaped form, become thinner, and 
finally die. 


b. Induction of macronuclear breakdown 


At 27°C in one mixture of the sensitive stock P plus fluid from a culture of 
stock G filtered free of animals, periodic staining showed that the early skein 
stage of macronuclear breakdown occurred during the seventh to ninth hours 
after mixture. This was quickly followed by more advanced stages of macro- 
nuclear changes. All stock P animals show vigorous spinning. Controls, con- 
sisting of animals from the same culture of stock P plus fluid from a culture of 
the non-killer stock K filtered free of animals, underwent no nuclear reorgani- 
zation. This shows that the effect was due to some substance produced by stock 
G, presumably paramecin. This induction of pseudo-conjugation and nuclear 
reorganization is similar to the action of the killer stock Ru22 of P. bursariu 
described by CHEN (1945). 


c. Spinning 


(1) The normal rotation of swimming.—In swimming, paramecium de- 
scribes a spiral path. Spirals are of two types, “right” and “left.” The coils of 
a dextrally coiled snail and the threads of a right-handed screw are examples of 
right spirals. It is easy to determine the direction of the spiral path described 
by paramecium by visualizing the spiral oriented so that it is vertical. If the 
portions of the coils on the side nearest the observer extend between lower left 
and upper right, the spiral is a right spiral. If the portions of the coils on the 
side nearest the observer extend between lower right and upper left, the spiral 
is a left spiral. 

Since the aboral surface of a paramecium is always directed to the outside 
of the spiral, the animal rotates on its longitudinal axis once for each complete 
spiral. Just as there are two types of spirals there are also two types of rota- 
tion, “left” and “right.” It is accepted usage to speak of rotation which is 
counterclockwise with respect to the observer as left rotation and rotation 
which is clockwise as right rotation. It is customary in the literature dealing 
with the behavior of paramecium arbitrarily to designate the direction of 
rotation as the direction when the anterior end of the animal is directed away 
from the observer. Thus, if a paramecium is visualized with its anterior end 
directed away from the observer and it rotates in a clockwise direction, it is 
said to rotate to the right. If it rotates in a counterclockwise direction it is said 
to be rotating to the left. In swimming, the direction of rotation is determined 
by three factors: (1) the direction of the spiral, (2) whether the animal moves 
forward or backward, and (3) the invariable orientation of the animal so that 
its aboral surface is directed toward the outside of the spiral. 
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The direction of spiralling and rotation has been studied in detail by 
JENNINGS (1906) and by BuLtincton (1930). BuLLINGTON has pointed out 
that, although P. aurelia in forward motion normally describes a left spiral 
(and thus rotates to the left), occasionally animals spiral to the right (and 
consequently rotate to the right). In backward swimming, without exception, 
animals describe a right spiral (and thus rotate to the left). 

The author’s observations confirm BULLINGTON. In certain stocks (not de- 
scribed in this paper) and under certain cultural conditions, right spiralling 
was common; but under the ordinary conditions of culture which were used, 
the stocks rarely showed right spiralling. 

(2) The effects of PnG on rotation and spiralling —PnG causes sensitives 
to rotate and spiral to the right instead of to the left. The effect is exhibited in 
all degrees of intensity, from very rapid continuous right rotation with sus- 
pended locomotion, to slow intermittent right spiralling. The backward swim- 
ming of avoiding reactions is unaffected, rotation being to the left in the char- 
acteristic manner. 

There are various factors which affect the character of this reversal of 
rotation; the concentration of paramecin, the temperature, the length of ex- 
posure, and the particular sensitive stock. When the concentration of para- 
mecin is low, fewer animals are affected, spinning is less vigorous, and animals 
may alternate brief periods of right spiralling with periods of normal swimming 
in which spiralling is to the left. Spinning is slower and appears after a longer 
exposure at lower temperatures than at higher. At 27°C spinning is most 
vigorous after approximately four to six hours’ exposure, and subsequently is 
reduced in speed. The character of the reversal of rotation also depends on the 
particular sensitive stock (see below). 

(3) Reversal of rotation as a diagnostic character for detecting the presence 
of PnG.—When right rotation is slow and only a few individuals are observed 
rotating to the right at any time, because of one or more of the reasons just 
discussed, the other effects of PnG are usually.not apparent. In such cases the 
direction of rotation becomes a highly diagnostic character for the detection of 
PnG. It has been pointed out, however, that there are other factors (but not 
common in the culture conditions employed here) which may cause right 
spiralling. Therefore, it was necessary to make sure that none of these factors 
were present when observations were made. Absence of such factors was as- 
sured by ascertaining that the controls of the unmixed killers and sensitives 
showed no reverse rotation. The detection of such weak reactions to PnG based 
on direction of rotation is difficult until considerable experience has been 
gained, but then it becomes highly reliable. Numerous experimental cultures, 
some permanent non-killers, others turning from non-killer to killer have been 
examined, and hundreds of such cultures have been identified as containing 
PnG by the presence of single affected animals, to be later confirmed by strong 
reactions. 

3. The response of other stocks to PnG 


The response of animals of stocks other than stock P is somewhat different. 
SONNEBORN (1939) pointed out that the variety 2 stocks seem to be more re- 
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sistant to the effects of PnG than do stocks of the other varieties. Cultures of 
the variety 2 stock G which have become sensitive to PnG because they lost 
kappa never show the vigorous spinning induced in stock P. They usually 
exhibit only a slow right rotation, intermittently, and in a small proportion of 
the animals. The more striking effects observed in mixtures of PnG plus stock 
G sensitives are partial paralysis and typical avoiding reactions with normal 
left rotation. Death occurs after one to two weeks of continuous exposure to 
PnG. Different stocks exhibit different degrees of susceptibility. One variety 2 
stock, stock 53, seems to be completely resistant. 


E. The action of PnH 


PnH was reported by SONNEBORN (1939) to make animals of susceptible 
stocks “stop feeding, become sluggish and badly vacuolated and die within 
36 hours.” Effects are first noticed after about eight hours at 27°C, and most 
sensitives are dead after 18 hours. SONNEBORN showed that certain variety 2 
stocks are resistant and some are sensitive to this paramecin. PnH never in- 
duces right rotation. 

The intensity of the vacuolation caused by PnH seems to have decreased 
somewhat since the observations by SONNEBORN (1939). Although PnH still 
causes vacuolation, the animals which become vacuolated are less numerous 
and the vacuoles smaller. The tendency to form vacuoles has thus become 
much weaker than it was in 1939 when originally described by SONNEBORN. 
PnH caused much more severe vacuolation of sensitives in 1940 when I first ob- 
served its action than it does now. A similar change in the character of a killer 
was reported by SONNEBORN (1943). Strong killers which acted quickly on 
sensitive animals were said to have changed to weak killers which acted slowly. 


F. The action of Pn36 and Pn50 


Pn36 and PnS0 are practically indistinguishable in their action. They closely 
resemble PnH in type of abnormalities produced, but act somewhat more 
quickly. In addition, some stocks (for example stock P) respond to these 
paramecins with fairly rapid intermittent right spinning in a small proportion 
of the affected animals. Stocks vary in their sensitivity, and some seem com- 
pletely resistant. 

G. The action of PnGm1 


PnGmi causes paralysis of sensitives. They settle to the bottom, stop feed- 
ing, and become almost completely immobile except for occasional avoiding 
reactions. With continuous exposure to PnGmi they become thinner and more 
completely paralyzed. It is difficult to observe when they actually die. With 
stock P (one of the most sensitive stocks to the action of PnGm1) partial 
paralysis is noted after about 12 hours and a strong paralysis after 24 to 48 
hours. Approximately 15 days pass before the animals die. Different stocks 
differ in their sensitivity, some being completely resistant. Sensitive cultures 
of stock G (those lacking kappa) are more resistant than stock P to the action 
of this paramecin; about three weeks of exposure are required to kill them. 


; 
{ 
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III. METHODS 
A. Method of culture 


The method for culturing the paramecia was the same as the one described 
in detail by SONNEBORN and Drppe tt (1946). 


B. Methods of testing for the killer character 


The usual method of ascertaining whether the animals in a particular cul- 
ture were killers, resistant non-killers, sensitives, or a mixture of these types 
was as follows: three samples of the culture were placed into separate con- 
cavities on a Pyrex spot plate. To one sample was added an approximately 
equal sample of a culture of stock P, known to be strongly sensitive to the 
action of all five killers of variety 2. To the second sample was added an ap- 
proximately equal sample of a known strong killer. This killer culture was a 
member of the same stock as the stock under examination. The third sample 
served as a control; no other culture was added to it. Two other controls, un- 
mixed samples of the standard sensitive stock P and of the standard strong 
killer stock, completed the test. The five depression cultures, unless otherwise 
indicated, were kept at approximately 22°C, and observations were made on 
them after 18 to 24 hours. (A second observation after 48 hours was made 
when looking for the action of PnGm1.) The different reactions and the manner 
of recording them are discussed in the following paragraphs. 

If killing action was observed only in the mixture with the standard sensitive 
stock P, the tested culture was a killer. In tests on different cultures which 
reacted as killer, marked differences in the intensity of the reaction appeared. 
When nearly 100 percent of the animals of stock P were affected strongly (as 
evidenced by about half the animals in the mixture showing characteristic 
abnormalities or death) the reaction was recorded (see tables)as +++, and 
the tested culture was called a strong killer. When considerably fewer stock P 
animals were affected and the abnormalities were less severe, the tested culture 
was a moderate killer and the reaction was recorded as +-+. When very few 
stock P animals were affected and the reaction was just recognizable with 
certainty, the tested culture was a weak killer and the reaction was recorded 
as +. 

If killing action appeared only in the mixture with the standard killer cul- 
ture, the tested culture was a sensitive. The reaction occurred with the same 
gradations in effect, and these were recorded as —, ——, ———, signifying 
that the tested clone was a weak, moderate, or strong sensitive, respectively. 

When no effect appeared either in the mixture with the standard sensitive 
or in the mixture with the standard killer, the tested culture was classified as 
a resistant non-killer, and recorded as 0. 

Occasionally cultures gave double reactions; that is, killing appeared both 
in the mixture with the standard sensitive and in the mixture with the stand- 
ard killer. In these cases, killing usually appeared in the unmixed control of 
the tested culture, indicating that both killers and sensitives were present in 
the same culture. The relative strength of the reactions in the mixtures with 
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the standard sensitive and in the mixture with the standard killer was recorded 
with the appropriate number of pluses and minuses. For example, a ++— 
reaction means that the culture is both a moderate killer and a weak sensitive, 
and indicates that both killers and sensitives are present in the culture. In such 
cases, however, there are also probably present some animals which are recog- 
nizable neither as killers nor as sensitives; for as mentioned above, occasionally 
entire cultures consist of such resistant, non-killer animals. 

It was necessary to use another method of testing when it was required, as 
in the experiments described in Sections VI and VII, to determine whether 
any of the animals in a culture was a killer. Standard sensitives were added 
directly to the culture to be tested. If killing action appeared, it was recorded 
with the appropriate number of pluses to indicate the strength of killing. If no 
killing appeared, the culture was recorded as non-killer. 


C. The test tube method of controlling fission rate 
1. General procedure 


Control of fission rate proved to be one of the major necessities of the work. 
Various special techniques were devised and will be described in the accounts 
of the experiments. One such technique, however, was used commonly and 
may be described at this point. 

Cultures were maintained in test tubes. Daily the contents of each tube were 
well mixed and a definite volume of fluid and animals was removed. This 
volume was then replaced with an equal volume of fresh culture fluid. It is 
evident that the larger the volume discarded and replaced by fresh fluid, the 
faster the animals will multiply, providing the population density is restored 
in the course of a day. For instance, if half the volume, and consequently half 
the number of animals is removed each day and replaced with fresh fluid, then 
the volume remaining after discarding the portion is increased by a factor of 
two, or doubled once each day. If the animals multiply sufficiently to restore 
their original number by the end of each day, then they must double in num- 
ber. Thus they will increase at a rate of one fission a day (assuming the same 
fission rate for all individuals). If they increase more slowly than this, then the 
population density will decrease day by day and the animals will eventually 
disappear from ‘the tube. If they increase more rapidly, then the culture will 
become progressively more concentrated. Similarly, when the volume of cul- 
ture retained is increased daily (with fresh culture medium) by any constant 
factor, that factor expressed in doublings is equal to the fission rate of the 
animals. 

The validity of this method, as already pointed out, depends upon two con- 
ditions: (1) there must be no progressive increase or decrease in population 
density over a period of days, and (2) all animals must multiply at the same 
rate. These conditions will now be considered. 


2. The validity of the method 
a. The condition of constancy of population density 


If there is a progressive increase or decrease in the concentration of animals, 
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a discrepancy between the true and the calculated fission rates will result, 
although such changes in concentration must usually be very large to intro- 
duce an appreciable error. For instance, let us suppose a culture was main- 
tained by this method at a calculated rate of one fission per day for 20 days, 
and the animals actually went through only 18 fissions for an average rate of 
0.9 fissions per day. The final concentration of animals would lack two doublings 
(19th and 20th fissions), which would have given a four-fold increase in 
concentration and thus restore the original concentration. Hence, a discrep- 
ancy of only 0.1 fission per day would result in a final observed concentration 
of animals equal to one fourth of the original value—a difference so great as to 
be readily detected. In practice, population counts, to ascertain whether large 
variations are occurring, were used to increase the accuracy of the technique. 
(Population counts are estimates of the population density, made by counting 
the number of individuals in a known volume of a sample of the culture.) To 
illustrate, in the example just given, the caloulated rate of 1.0 fission per day 
would be reported as 0.9 fission per day if the final concentration of animals 
were one fourth the original concentration. 


b. The condition of equality of fission rate of all animals 


The second condition upon which the validity of the method depends is that 
all animals multiply at the same rate. This does not mean that all animals 
must undergo the same number of fissions each day; the conditions will be 
fulfilled if the average number of fissions in each line of descent is the same for 
all lines in any given period. This is evident from the following considerations. 
Suppose that on one day some animals undergo too few fissions (that is, less 
than the calculated number for a day), and that others undergo too many 
fissions (more than the calculated number). Assume that these fast and slow 
rates on this day so balance each other that the first condition on which the 
test tube method is based is fulfilled, namely, that there is no progressive 
change in population density. If the rate of fission on subsequent days is suf- 
ficiently fast in the lines which underwent too few fissions, and sufficiently slow 
in the lines which underwent too many fissions, then the average rate would 
be the same in all lines. Furthermore, if all lines have the same average rate, 
then over any extended period they all undergo the same number of fissions. 
And since the population remains constant, the true rate must equal the calcu- 
lated rate. 

There is, however, a situation in which the first condition of population 
constancy holds, but in which the second condition is not met. This results in 
a discrepancy between true and calculated rates of fission. This situation oc- 
curs when animals in certain lines of descent consistently reproduce more 
slowly than others or cease to reproduce and die. Since the population density 
can only be maintained by a higher rate of fission of the remaining animals, the 
true fission rate tends to be greater than calculated. 


c. The limits of accuracy 


It will be shown subsequently in this paper (p. 387) that the combined dis- 
crepancies between calculated and true fission rates are not greater than 0.2 
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fission per day in most experiments. The failure of cultures to meet exactly 
these two conditions of constancy of population density and uniformity of 
fission rate means that the “test tube method” of controlling fission rate should 
be considered a convenient approximate method of controlling fission rate of 
mass cultures, but not to be used when great accuracy (cf. p. 388) is desired. 


3. Specific procedure for calculating fission rates 


Calculations of the amount of a culture to be discarded and replaced with 
fresh culture fluid in order to obtain a desired rate of fission were made as 
follows. Let the volume of culture maintained daily be equal to x. Let the 
amount of this culture discarded daily be x—y, so that y is the volume re- 
tained. If now the volume is restored to x (by addition of x—y fresh culture 
fluid), let s be defined by x= 2*y; that is, s is the number of doublings of the 
residue, y, required to restore the original volume, x. As pointed out above, s is 
also the fission rate of the animals (when the conditions set forth in the pre- 
ceding paragraphs are fulfilled). Now the fraction of the total volume, x, 
retained each day (at the time part of the culture is discarded) is y/x; and 
from the definition of x, y/x=2-*. Hence to maintain any desired fission rate, 
s, it is required only to retain daily a fraction of the culture (y/x) equal to 27°. 
For example, to maintain a culture at a reproductive rate of three fissions per 
day, it is required to retain daily 2—* or one eighth of the culture and restore 
the original volume with fresh culture fluid. 


IV. THE INHERITANCE OF KILLER CHARACTERS 


The determination and inheritance of the killer characters in variety 2 has 
not been reported except for SONNEBORN’s (1943) remark that the observations 
thus far made agree with the findings in variety 4 and indicate the presence of 
cytoplasmic factors. This remark (SONNEBORN personal communication) was 
based simply on the observation that in the F, from a cross of stock G killer by 
stock H killer, the two members of each conjugant pair produced clones with 
killer characters like the parent from which they derived their cytoplasm. 
This result is comparable to SONNEBORN’S (1943) results on variety 4 killer by 
sensitive crosses, in which the killer conjugant produced a killer clone, the 
sensitive conjugant, a sensitive clone. The author has observed, similarly, that 
no change in character occurs in the F;, of crosses of G killer by the sensitive 
stock K, H killer by stock K, or G killer by H non-killer. In view of what is 
known further in variety 4, this makes it seem likely that cytoplasmic factors 
are involved in production of the killer character in variety 2. Finally, the 
evidence to be set forth presently shows that-numerous self-reproducing parti- 
cles which segregate amitotically at fission of the animals are necessary for the 
determination of the killer character in variety 2, making the conclusion that 
they represent kappa inescapable. The word “kappa” is used here as a general 
term to refer to the various cytoplasmic factors determining the killer charac- 
ter (but not any other characters) in variety 2 as well as variety 4. It is not 
meant to imply that these factors are identical in the various killer stocks. 
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V. THE CONTROL OF THE KILLER CHARACTER IN VARIETY 2 


Soon after this study of the variety 2 killers began, a striking difference be- 
tween them and the variety 4 killers became apparent. Killer stocks in variety 
2, in contrast to those in variety 4, commonly gave rise to non-killer, sensitive 
progeny. Analysis of the factor or factors responsible for the sporadic loss of 
the killer character was made possible by a remarkable observation which 
proved to be of great significance. Slowly reproducing cultures of killers seemed 
to remain consistently strong killers, but more rapidly reproducing cultures 
lost the killer character. Experiment No. 1 was designed to give pertinent in- 
formation concerning this observation. 

Experiment No. 1: The experiment was started with three slowly reproduc- 
ing, strong killer cultures of stocks G, H and 50. Five subcultures were made 
from each of these. By use of the “test tube technique” (see p. 358), the five 
subcultures of each stock were cultured respectively at rates of 0.1, 0.6, 1.0, 
2.0, and 3.0 fissions per day at 27°C. Every day a sample was taken from each 
tube. A portion of each sample was then tested for the killer character. (The 
cultures maintained at three fissions per day were held for a day until the food 
was exhausted, allowing one or two more fissions, before tests were made; this 
was done so that these animals would be in more nearly the same nutritive 
condition as the more slowly reproducing cultures.) On various days, when 
samples were taken from the tubes, portions of the sample from each tube were 
transferred to separate spot plate depressions and fed only enough to allow 
about 0.1 fission per day. These were tested subsequently as explained below. 
Results are summarized in tables 1 and 2. 


TABLE 2 


Stocks G, H, and 50. Time (in days) for return of killer character (during multi plication at 0.1 fission 
per day) after loss of the killer character as a result of reproduction for 
various periods at two and three fissions per day. 


| NUMBER OF DAYS FOR RETURN OF KILLER CHARACTER 


| AFTER REPRODUCTION AT 2 AFTER REPRODUCTION AT 3 
sTOCK | FISSIONS PER DAY FOR FISSIONS PER DAY FOR 
aetna Pe. “a ee 
| | ! 
4 6 10 15 4 6 10 | 15 
| 
| pays | DAys DAYS DAYS DAYS | DAYS DAYS DAYS 
G 4 4 | 6 ae 9 | Never 
H 7 8 9 | 7 19 | Never 
| Never 


50 11 13 > | 1s 17 19 


Table 1 shows that animals multiplying 0.5 fission per day and less retained 
full killing strength. Animals cultured at one fission per day remained strong 
killers in the case of stock G, but became weak killers or resistant non-killers 
in the case of the other two stocks. Animals cultured at two fissions per day or 
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more rapidly lost their killing ability and finally became sensitive or resistant 
non-killer. At these rates stock G finally became strongly sensitive; stocks H 
and 50 acquired the weak and sporadic sensitivity characteristic of all non- 
killer cultures of these stocks. It should be noted that in changing from killer 
to sensitive a series of quantitative as well as qualitative changes were shown: 
strong killer, weak killer, resistant, weak sensitive, and finally (in the case of 
stock G) strong sensitive. Furthermore, the faster the animals reproduced, the 
sooner these changes began to take place and the faster they progressed. 

The samples mentioned above, which were removed from the rapidly re- 
producing cultures at different times after they had become non-killers or 
sensitives, were allowed to increase at approximately 0.1 fission per day. A 
series of tests was made every day or two on the killing action of these cultures, 
using subcultures of them for testing. The first several tests in the series showed 
that the cultures remained sensitive for a period; but later tests usually proved 
they developed « weak killing action, followed on still later tests by stronger 
killing action. Often, however, killing was strong at its first appearance. 

Table 2 gives the number of days of slow reproduction which passed before 
tests showed definite killing. The table shows in general that the longer fast 
reproduction continued, the longer was required for the killer character to 
return. This was evidenced even after the killing tests (recorded in table 1), 
made on the subcultures at the time they were first removed from the tubes, 
showed no further change toward sensitive. For instance, reference to table 1 
shows that stock 50 multiplying at two fissions per day had lost all killing and 
gave a “O” reaction on tests subsequent to the fourth day. Yet table 2 shows 
that after six days at two fissions per day, 11 days were required for killing to 
return; after ten days, 13 days were required; and after 15 days, 19 days were 
required. 

Table 2 also shows that for any given time of rapid reproduction, the more 
rapid the reproductive rate, the longer the time required for return of killing 
activity. For example, stock G, cultured at two fissions per day for ten days, 
required four days at 0.1 fission per day for killing to return; whereas, when 
cultured at three fissions per day for this same length of time (ten days), nine 
days at 0.1 fission per day were required. In general, the return to killing was 
more rapid in stock G than in H or 50. 

Finally, cultures of all three stocks cultured at three fissions per day for 15 
days did not become killers again when cultured slowly, though these particu- 
lar cultures were periodically tested for three months. In other experiments, 
cultures of stocks G, H, 36, and 50, made non-killer or sensitive by similar long 
periods of rapid reproduction, have subsequently been cultured slowly under 
a variety of conditions for a year; but they still lack the killer character. The 
loss thus seems to be permanent. 

* * * 


From this experiment the following conclusions may be drawn: (1) When 
animals are fed only a small amount of food so that a slow rate of fission is 
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maintained, the cultures remain pure killer indefinitely. On the other hand, 
when more food is made available and the rate of fission is increased, cultures 
lose their ability to kill and become non-killers or sensitive. (2) Non-killer and 
sensitive cultures produced in this manner will revert to killer after a few days 
when their reproductive rate is slowed or stopped, unless the fast reproduction 
has been maintained beyond a certain critical point. (3) The longer and the 
faster the rapid fissions are maintained, the longer it takes the cultures to 
revert to strong killers. (4) If rapid fissions are maintained long enough, ani- 
mals are produced which permanently lack the killer character. 

Only one reasonable explanation for these facts has occurred to the writer. 
The rate of increase of the hereditary basis for killing, kappa, fails to keep pace 
with the rate of increase of the animals; the amount of kappa per animal is 
progressively reduced in quantity by successive fissions, and finally animals 
are produced which have no kappa at all. Animals with many particles of 
kappa are strong killers, but as the number is progressively reduced there ap- 
pear weak killers, resistant non-killers, weak sensitives, and finally, in the case 
of stock G, strong sensitives. 


VI. DEMONSTRATION THAT ONE PARTICLE OF KAPPA IS SUFFICIENT TO 
ENABLE AN ANIMAL TO PRODUCE KILLER PROGENY 


The relation between the rate of increase of kappa and the fission rate of the 
animals described in the previous section makes it possible to determine 
whether a single particle of kappa in an animal is sufficient to enable that 
animal to produce progeny with the normal particle number when reproduc- 
tion is slowed. Experiments performed to test this point were designed as 
follows: 

From an originally killer culture, which had been reproducing rapidly (and, 
hence, had been experiencing a decline in its kappa concentration), a number 
of animals were isolated into separate containers. Each of these isolated ani- 
mals was allowed to continue its rapid multiplication for a limited period of 
time, thus further reducing the kappa concentration. As all of the progeny 
produced from any one isolated animal were kept together in one container, if 
the isolated animal possessed a particle of kappa, then some of its progeny in 
the container must also possess kappa, providing no kappa is destroyed. 
Whether killer animals can arise among the progeny (when their reproduction 
is slowed or stopped, so that kappa concentration can again rise), depends on 
the minimum number of particles of kappa required for regeneration of the 
original kappa concentration. 

If one particle is enough, then every animal that contained at least one par- 
ticle of kappa when isolated will yield some killers among its progeny. The 
percentage of isolated animals whose progeny could experience regeneration of 
kappa would be completely independent of the duration of the rapid fissions 
after isolation. The progressive lowering of mean kappa concentration subse- 
quent to isolation, though it occurs, is here irrelevant; the decisive fact is 
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simply whether an animal in the culture contains at least one particle of kappa. 

On the other hand, if regeneration of kappa is blocked unless more than one 
particle is present in an animal, then some animals which had only the mini- 
mum (or somewhat more than the minimum) number of particles of kappa 
when isolated would yield progeny none of which contained the minimum 
number of particles. This is true because, as set forth above, the mean kappa 
concentration is further reduced during the period of rapid reproduction fol- 
lowing isolation. Under such conditions, therefore, the percentage of isolated 
animals whose progeny could experience regeneration of kappa would decrease 
as the period of rapid fissions is prolonged, for more and more would have their 
kappa concentration brought below the assumed minimum for regeneration. 

Therefore, if one particle is sufficient, the percentage of isolated animals 
producing killer progeny would be independent of the number of fissions follow- 
ing isolation; and if more than one particle is required, the percentage of ani- 
mals producing no killer progeny should increase with the number of rapid 
fissions subsequent to isolation. The following experiments were performed to 
test this point. 

Experiment No. 2. In one experiment a culture was started by isolating a 
single killer of stock G. The culture was maintained at a fission rate of 3.3 
fissions per day for 16 fissions at 27°C in order to reduce the number of parti- 
cles per animal. A number of animals was then removed from this culture and 
isolated into separate containers. The isolations were separated into two series. 
The first series was allowed to undergo eight rapid fissions at a rate of three 
fissions per day, and the second series was allowed to undergo 15 rapid fissions 
at three fissions per day. Then multiplication was stopped in each series and 
tests were made to discover whether any of the progeny of each of the original 
animals became killers. It was found that 10.9 percent (14 out of 128) of the 
isolations of the first series which underwent eight rapid fissions gave rise to 
cultures consisting of all permanent non-killer progeny. And 10.2 percent (13 
out of 127) of the isolations of the second series which underwent 15 rapid 
fissions gave rise to all permanent non-killer progeny. 

Since approximately ten percent of the animals failed to produce any killer 
progeny, the kappa concentration must have been reduced to a level low 
enough to yield significant differences as a test for the hypothesis. For if ten 
percent of the cultures gave rise to mo killers after eight rapid fissions, many of 
the other cultures must have had the minimum (or slightly greater) number of 
particles per animal necessary for regeneration of normal particle concentra- 
tions. The fact that the percentage was not greater following 15 rapid fissions 
than following eight rapid fissions indicates that one particle is sufficient for 
regeneration of the original concentration of kappa. 

Experiment No. 3. This experiment was performed merely to supplement 
the preceding one under somewhat different conditions. The main difference 
in the two experiments was that in this experiment, instead of allowing both 
sets of animals to multiply rapidly after isolation, the first series of isolates 
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was allowed to undergo no rapid fissions, and the second series was allowed to 
undergo ten rapid fissions. 

In this experiment also a culture was started by isolating a single killer of 
stock G. The culture was maintained at 27°C at a fission rate of 3.4 fissions 
per day for 17 fissions in order to reduce the number of particles per animal. 
A number of animals was then removed from this culture and isolated into 
separate containers. The isolations were separated into two series. The first 
series consisted of a number of these original animals which were isolated into 
“exhausted fluid”—fluid filtered from a culture of P. caudatum which had 
exhausted most of the food. Fresh culture fluid was subsequently furnished the 
animals in such quantities that the animals reproduced at about one half fission 
per day and thus allowed animals capable of becoming killers to do so. The 
second series of isolations was made into fresh culture fluid of a quantity such 
that the animals underwent ten more rapid fissions at a rate of 3.4 fissions per 
day. Reproduction was then slowed to about 0.1 fission per day to allow killing 
to develop. Tests showed that 54.6 percent (53 out of 97) of the original ani- 
mals in the first group and 55.6 percent (55 out of 99) of the original animals 
in the second group had lost the ability to give any killer progeny under these 
conditions. 

Since 54.6 percent of the animals had less than the minimum number of 
particles for particle regeneration when isolated, the level of kappa concentra- 
tion must have been sufficiently low to provide significant differences as a test 
for the hypothesis. Thus again the percentage in the two groups was essentially 
the same, showing that one particle of kappa is sufficient for reversion. 


*x* * * 


The question might be raised as to what would be expected in such experi- 
ments if there is destruction of kappa constantly taking place along with the 
production of more kappa. If such is the case, then the rate of increase of kappa 
can be considered a nef rate of increase, for it would represent a balance be- 
tween destruction of kappa and production of more kappa. 

If it is assumed that more than one particle is necessary for reversion it is 
clear that the general relations in the experiment will be the same whether 
there is destruction or not. For the percentage of isolated animals producing 
no progeny capable of becoming killer must again increase as the increasing 
number of rapid fissions progressively reduces the particle concentration in all 
the progeny below the number necessary for reversion. 

If it is assumed that one particle is sufficient for reversion the expectations 
can be made clear by the following consideration. At any time, the particles of 
kappa may be classified into two categories: (1) particles which will give rise 
to new particles at a certain net rate of increase, and (2) particles which will 
themselves be destroyed, or whose descendants will all be destroyed. The par- 
ticles of the second category may be ignored, for they give no permanent lines 
of descent and hence cannot cause any animal to become killer again. The par- 
ticles of the first category are comparable to particles in the case in which it 
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was assumed that there is no destruction, for both give rise to increasing num- 
bers of particles when reproduction is slowed. There is no reason to believe 
that the number of particles of this category in the original isolations would 
decrease as the animals undergo successive rapid fissions. Consequently, in the 
series of isolations which underwent more rapid fissions there should be no 
increase in the percentage of isolations giving exclusively permanent sensitive 
progeny. And since the data showed no increasing percentages, one particle 
must be sufficient for reversion, no matter whether destruction occurs or not. 


VII. ESTIMATION OF THE NUMBER OF PARTICLES OF KAPPA AND THEIR 
RATE OF INCREASE 


It has been shown that some of the progeny of killers may be freed of kappa 
by letting them undergo a series of rapid fissions. It is possible to measure 
the proportion of the progeny of a strong killer which has been freed of kappa 
after different numbers of rapid fissions. These data may be used to estimate 
the number of particles of kappa in the strong killer and their rate of increase. 
The proportion of the progeny lacking kappa is the proportion of the progeny 
incapable of producing killers when isolated and cultured at a slow fission rate. 
It was shown in Section VI that this is true, for a single particle is sufficient to 
enable an animal to produce killers when cultured slowly; therefore, only 
animals with no particles produce exclusively permanent non-killer progeny. 

First will be given the details of three experiments performed to determine 
the percentage of animals with no particles of kappa after different numbers 
of rapid fissions. The account of these experiments will be followed by calcula- 
tions of the number and rate of increase of the particles, making use of the 
experimental data. 


A. The experiments 


Experiment No. 4. This experiment was started by isolating 192 of the 
progeny of a single killer of stock G which had undergone eight rapid fissions 
at 27°C. The 192 isolations underwent four more rapid fissions, giving 16 ani- 
mals in each culture. One of the 16 from each culture was then isolated to 
start another series of 192 cultures. The remaining 15 animals in each culture, 
the “‘left-overs,” were retained and treated as described in the next paragraph. 
When the newly isolated animals had undergone four or five rapid fissions, the 
process of isolation was repeated giving a new set of 192 isolations and a second 
set of left-over cultures. The process was repeated each time the newly isolated 
animals underwent four or five more fissions. This procedure of repeated re- 
isolation at short intervals is known as ‘‘maintaining animals in isolation.” 

The animals in each set of left-over cultures continued multiplying rapidly 
for about four more fissions until their food was exhausted. At this time repro- 
duction was suppressed to allow animals with kappa to produce killers. It was 
then determined what proportion of each set of left-over cultures contained 
no killers. The proportion obtained for each set represents the proportion of 
isolated individuals with no particles of kappa. 
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The results of the tests are given in the following tabulation: 

















MEAN NUMBER NUMBER OF LINES OF DESCENT PROPORTION LACKING 
OF FISSIONS KAPPA 
(n) TOTAL LACKING KAPPA (W,) 
12 192 2 0.01 
16 192 47 0.24 
21 191 141 0.74 
26 191 178 0.93 
31 191 186 0.97 


36 191 189 0.99 


The average fission rate in the isolation lines was 3.4 fissions per day. 

Experiment No. 5. This experiment was started by isolating 120 of the 
progeny of a single killer of stock G which had undergone seven rapid fissions 
at 27°C. These 120 animals were also “‘maintained in isolation” as described in 
Experiment No. 4. The proportion of the animals with no particles of kappa 
after different numbers of fissions was not determined from the left-over cul- 
tures as in Experiment No. 4. These left-overs were discarded. Instead, the 
proportion of animals with no particles was determined from a series of isola- 
tions made as follows. Each time the animals underwent three or four fissions, 
two animals instead of one animal were removed. One was isolated in fresh 
culture fluid to give the new series of isolations in the usual manner, but the 
other was isolated into ‘‘exhausted fluid’’ (see p. 366) and cultured slowly to 
allow killers to appear among its progeny if it had contained particles of kappa 
when isolated. These slowly multiplying series of isolations were then tested 
and it was determined what proportion of the animals had produced all per- 
manently sensitive progeny. As already pointed out, this represents the propor- 
tion with no particles of kappa. Because of culturing difficulties, certain of the 
animals in the rapidly multiplying isolation lines did not maintain a uniform 
high fission rate. These cultures were discarded, and this resulted in a reduction 
in the number of cultures tested as the experiment progressed. 

The results of the tests are given in the following tabulation: 














MEAN NUMBER NUMBER OF LINES OF DESCENT PROPORTION LACKING 
OF FISSIONS —- KAPPA 
(n) TOTAL LACKING KAPPA (W,) 
10 120 0 0 
14 112 12 0.11 
18 80 37 0.46 
21 78 56 0.72 





The average fission rate was 3.4 fissions per day. 
Experiment No. 6. Instead of beginning with a single animal as in Experi- 
ments No. 4 and No. 5, 40 strong killers, previously multiplying at a rate of 0.4 
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fission per day (test tube method) at 27°C, were used to start this experiment. 
A temperature of 27°C was maintained during the experiment. Each initial 
animal was allowed to undergo two fissions, giving a total of 160 animals. 
One hundred twenty of these animals were isolated, and the experiment was 
continued just as described for Experiment No. 5. The animals were maintained 
by the isolation technique. The proportion of the animals with no kappa after 
different numbets of fissions was obtained from series of animals isolated into 
“exhausted fluid” and grown slowly as in the preceding experiment. 
The results of the tests are given in the following tabulation: 














MEAN NUMBER NUMBER OF LINES OF DESCENT PROPORTION LACKING 
OF FISSIONS KAPPA 
(n) TOTAL LACKING KAPPA (W,) 
13 120 5 0.04 
16 120 37 0.31 
20 117 78 0.67 
23 111 98 0.88 
27 88 85 0.97 





The rate of fission was 3.4 fissions per day. 


B. Calculation of the number of particles and their rate of increase 


Two methods have been described (PREER 1946) by which the rate of in- 
crease of kappa and the number of particles of kappa in a killer have been com- 
puted. It was pointed out that the first method, based on the Poisson distri- 
bution, was not strictly applicable. Furthermore, the second method consisted 
of empirical “‘pencil and paper” trials which were very laborious. It does not 
now seem worthwhile to give a detailed presentation of either of these methods 
in view of a mathematical solution recently developed by OTTER (personal 
communication, to be published later). OTTER’s method is discussed and ap- 
plied to the data in the following sections. 


1. The general formula 


In developing and applying genera] mathematical formulas it was necessary 
to make certain assumptions. These assumptions were: (1) the kappa concen- 
tration among the strong killers used to start Experiments No. 4, No. 5, and 
No. 6 was considered uniform. (2) it was necessary to assume how much, if any, 
particle destruction or loss occurred; (3) it was necessary to specify whether 
kappa particles multiply ‘by duplication, triplication, or reproduce by higher 
multiples; (4) it was assumed that particles are segregated at random to the 
two animals produced at each fission. (5) it was assumed that the probability 
for a particle to reproduce, disintegrate, or remain intact in an interfission 
interval is the same for each particle and for each interfission interval. This 
would mean that kappa increased at a constant exponential rate during the 
experiments. These particular assumptions were made because of their sim- 
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plicity; qualifications and a general discussion of the assumptions will be taken 
up later. 

OTTER starts with a single animal which has just arisen as one of the two 
products of a fission. At this time the animal contains m particles. Now the 
animal multiplies by fission. In each interfission interval some of the particles 
may disintegrate; others may remain unchanged, duplicate, triplicate, or re- 
produce by higher multiples. px represents the probability that any one parti- 
cle will increase by a multiple of k during an interfission interval. For example, 
during each interfission interval po represents the probability of a particle 
increasing by a multiple of 0, in other words, of disintegrating; p: is the prob- 
ability of a particle duplicating, etc. Since the sum of all the probabilities for 
any particle must be one, we may write: 


> Px = 1. (1) 
k=0 
It can be shown how the values of p; and k are a measure of the rate of in- 
crease of the particles. In order to do this, let us first denote the total number 
of particles present at the beginning of an interfission interval as x, and then 
determine how many particles will be present at the end of the interval. As 
has already been pointed out, the probability of any one of the particles giving 
rise to k particles is py. Therefore, p, approximates the proportion of the x 
particles which gives rise to k particles. The number of the x particles giving 
rise to k particles is therefore xpx. This number of particles (xpx) gives rise to 
kxpx particles during the interfission interval. The total number of particles 
produced from all the original x particles is then 


yom kxpx, or x pm kpx. 
k=0 k=0 


The multiple by which the x particles increased in the interfission interval is 
therefore 


z: kpx. 
k=0 
This multiple is designated as k. 
k = )) kp (2) 


k=0 


k represents the average rate of increase of kappa and is expressed as the aver- 
age multiple by which all the particles are increased in each interfission inter- 
val. 

Previously the rate of increase of kappa has been expressed as doublings 
per day. Doublings per day may be related to k as follows. Let f represent the 
number of kappa doublings per day anid s the number of fissions per day. Then 
f/s represents the number of doublings of kappa in each interfission interval 
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and 2*/* is the multiple by which kappa increases in this period. So we may 
write: 


k = 2f/s, (3) 


At each fission the particles are distributed at random to the two new indi- 
viduals. The probability that any animal after n fissions will have i particles 
is designated as W,,;. In this paper we shall only be concerned with Wa,o, 
which is the probability of any animal after n fissions having zero particles. 
Therefore, Wn,o will be designated by W, for simplicity. W, is approximately 
equal to the proportion of a large group of individuals having no particles. 
OTTER has shown these quantities to be related according to the following 


iteration formula. 
0 1 + W,— 1/m\ k 
W,'/™ = > Pk 6°53) if (4) 


k=0 2 


A demonstration of this formula will be given presently, but first several other 
relations necessary for the calculation of k and m will be considered. 
In the special case when m=1, we may designate W, by Qz. 


bs 1 + n—1 
-> pe (2 ee . (5) 


OTTER points out that if values of Q, calculated by iteration from this formula 
are raised to the mth power one obtains the corresponding values of W, calcu- 
lated by iteration from (4). 


Q.™ = Wa. (6) 


OTTER demonstrates as follows that the relation 


log Wn k 
rans ered (7) 


log Wr-1 


is approximately true. Starting with (5) 


= & px(1 + u)* 





where u is defined to be bm ine - Expanding: by the binomial 
— k(k — 1) 
=> pe Dokpsu + Do pyut + - 
k=0 k=0 k=0 


If kS2 it can be shown that lim,... Q.=1; hence if n is sufficiently large, Qn-1 
is close to 1, and u is small. Therefore, we may neglect all except the first two 
terms. 
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Q.=1+ > kpu =i+ku 


k=0 
and 
log Qn = log (1 + ku). (8) 
The following approximation 
~_ k 
log (1 + ku) = > log (1 + 2u) (9) 


can be shown, for, 








ng +e ~ Lage etn ig Se. 
0) u) —- — lo — log —— 
“ 2 ° 2 . 1+ 2u 
Expanding, and remembering u is small 
2/k(2/k — 1) — 
. katte a 1+2u+ 2/k(2/k — 1) k2u2 
5 (1+ku)?* &k 2 
— log —————_ = — log = 0 
2 1+ 2u 2 1+ 2u 


From (8) and (9) 


log Qn xk 
log Qn-1 2 
And from (6) 
log Wa k 
log Wan 2 


Thus, equations (5), (6), and (7) can all be developed from (4). The develop- 
ment of (4) by Otter, making possible the calculation of the proportion of 
animals with no particles (Wn,o), is part of a more general consideration which 
includes a treatment of the values of Wn,;. OTTER’s demonstration of (4) is 
consequently somewhat lengthy and will not be given here. SEwALL WRIGHT 
(personal communication) has pointed out a simple demonstration of equation 
(4). “An animal with one kappa particle has by definition the probability Qo 
of losing it before the first fission, and probabilities Qi, Qo, etc. of having the 
number indicated by the subscript. The chance of no kappa in one of the 
progeny is one if none was present before fission, 1/2 if one was present, (1/2)? 
if two were present, (1/2)* if k were present, assuming random segregation. 
Thus, 


Qi = po + pi(1/2) + po(1/2)? + +++ + px(1/2)R +--+. 
Turning now to an animal of the nth generation, this may trace to any of 


the above cases before the first fission. If kappa was lost then, it stays lost 
[contribution to Qn is po(1)]. If kappa remained single, it was either lost at 
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the first fission [contribution p:(1/2)] or it was transmitted to the latter, in 
which case it has by definition a chance Q,-1 of loss in the following (n—1) 
generations [contribution pi(1/2)Qn-1]. Total contribution for the case of 


single kappa particle is 
(- “+ “= 
Pi 5 . 


If kappa doubled in the first animal (chance pe), each particle had the same 
chance of ultimate loss as above, giving 


(- a Sty 
P2 aoe Bice 


as the contribution of this case to the total probability of loss. Similarly if 
kappa tripled in the founder the contribution to Q, is 


(: ~ ny ‘ 
P3 3 . 


This gives equation (5) 








1+ Q. 1+ Q-\? 
Qn = Po + p(— >) + p (=) + 
1+ n—1 = 
+m(— =) + 
2 
° i+ On k 
Qn = 2D pe( ) 
k=0 2 


Equation (6) may be demonstrated independently of (4), for it “involves 
merely the hypothesis that the fates of the original m particles are independent 
and that, therefore, the probabilities of loss (Q,) can be multiplied to find the 
probability of loss for all.” And substituting (6) into (5) we get (4): 


-) 1 + W,- 1/m\ k 
wee E p(t Ne) 
k=0 


2 


2. The method of calculating the value of k 


The method of calculation of k from the experimental determination of W, 
can be obtained from the following equation derived from equation (7): 


log (— log Wn) — log (— log Wn-1) = log k — log 2. 


Thus if log (—log) of the experimental values of W, is plotted against the 
number of fissions, n, a straight line should result with slope [log (—log Wn) 
—log (—log Wn-1) | equal to log (k/2). By plotting the data in this manner and 
measuring the slope of the resulting line one can thus calculate k. 
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3. The method for calculating the value of m 


After k has been computed by the method just outlined, it is possible to 
calculate m, the original number of particles. The exact method and results of 
this calculation will vary with the particular assumptions which are made 
about the behavior of the particles. m can be calculated assuming particles 
increase by duplication or triplication or by higher multiples. Also it can be 
assumed that there is destruction of particles as well as multiplication of parti- 
cles. Any set of assumptions is possible provided that the average rate of in- 
crease, k, is made equal to the value of k calculated from the experimental 
values of W,. After it has been decided what assumptions are to be made 
regarding destruction of particles and their manner of reproduction, appropri- 
ate values of p, must be assigned, remembering that ) ¢-opx must equal one 
(equation 1), and that k must equal > fo kpx (equation 2). 

For example, suppose that k has been calculated to have a value of 1.5. If 
we assume that there is no destruction of particles, pp must equal zero. If we 
assume that the method of particle reproduction is by duplication, then all 
values of px greater than pz will equal zero. Thus, in any given interfission 
interval a certain proportion (ps) of the particles will duplicate and the remain- 
ing proportion (p;) will remain intact. By means of equatious (1) and (2) we 
find p;=0.5 and pp=0.5. Now use is made of equation (5). Substituting these 
values into (5), 


Qn = 0.5(—* =) +0.5(==). (10) 


This equation, or a similar equation derived by making a different set of as- 
sumptions may be utilized to calculate m as follows. 

Considering equation (10), when n=0, there is one animal with one particle 
of kappa. Therefore the probability of the animal having no particles is zero 
(Q.=0). Substitution into equation (10) shows Q,:=0.3750. Using this value 
for Q:, we can substitute into (10) and obtain Q.=0.5801. Similarly Q; is found 
to be 0.7071. By proceeding in this manner it is possible to determine the value 
of Q, for any value of n. m may now be determined by substituting into equa- 
tion (6) an experimental value of W, and the corresponding calculated value 
of Q,. A better average value for m will be obtained if the value of W, used 
lies on the straight line which has been fitted to the log (—log) of the experi- 
mental values of W, plotted against n in the manner already outlined. 


4. Application of OTTER’s method to the data of the experiments 


The data of experiments No. 4, No. 5, and No. 6 have been used to solve for 
k and m by the methods already outlined. The log (—log) of the experimental 
values of W, are plotted against n in figure 1. The straight line which seemed 
best to fit the points was drawn. That the deviation of none of these points 
from the straight line is statistically significant was shown by the following 
consideration. 

It will be recalled that Wa, the probability that an animal has no particles of 
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kappa, is determined by ascertaining what proportion of the animals in a sam- 
ple have no particles. But it is obvious that, by chance, the proportion of the 
animals with no kappa in a given sample may not represent W, precisely. 
Some idea of the magnitude of the expected chance deviation of the determi- 
nations of the proportion of animals with no kappa from the true value of Wi 
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@ EXPERIMENT #4 
O EXPERIMENT #5 
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Ficure 1. Log (—log) Wn (the proportion of animals with no kappa) plotted against n (number of fis- 
sions) from the data of Experiments 4, 5, 6. Fission rate was 3.4 fissions per day. 


can be obtained by computing the 95 percent confidence interval for each 
experimental value of W,. This has been done. Use has been made of tables 
and charts of confidence intervals given by RickER (1937) and CLOPPER and 
PEARSON (1934). The meaning of the 95 percent confidence interval may be 
illustrated by the experimental value of 0.97 (186 animals without kappa out 
of a total of 191) for W, found in Experiment No. 4 when n=31. The confi- 
dence interval in this case is found to be 0.94 to 0.99. This means that the 
probability is 0.95 that the true proportion of the animals with no particles, in 
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the population from which the sample of 191 animals was taken, lies within the 
limits 0.94 to 0.99. We may find whether the line drawn in figure 1 passes within 
the confidence interval by reading the value of log (—log W,) from the line at 
n=31 and computing W, by taking antilogs. W, is found to be 0.98—and 
this figure lies within the 95 percent confidence interval (0.94-0.99), showing 
that the line does not deviate more from the experimentally determined point 
on the curve than might be expected by chance. The line drawn in figure 1 
passes well within the 95 percent confidence interval for the experimental 
values of W, on which all points are based, indicating that the line is within 
the probable limits of chance variation of all the experimentally determined 
points. 

The value of k was determined by measuring the slope of the line plotted in 
figure 1. The slope of this line was found to be —0.126. k was computed as 
1.50. The rate of increase of kappa expressed by k=1.50 may be converted 
into doublings per day of kappa, f, by taking into account the average fission 
rate of the animals, s, which was 3.4 fissions per day. Utilizing equation (3) the 
value of f is computed to be 2.0. 

The value of m was determined on the basis of several assumptions. First 
assume no destruction and assume particles increase by duplication. In this 
case, as already explained, since k=1.5, pi=0.5, and pe=0.5, and the other 
terms of p; equal zero. Computations based on equation (10) as already out- 
lined, show Qis= 0.99673. Reference to figure 1 shows Wis=0.483. Substituting 
into equation (6), m=220. 

Second, assume destruction of particles takes place. Since any amount of 
destruction can be assumed, let the rate of destruction in each interfission 
interval be equal to0.1 of the particles present at the beginning of each interval. 
In other words po=0.1. Let particle reproduction be by dor blings. All px 
greater than pe will therefore equal zero; p»=0.3; peo=0.6. Qis is found to 
equal 0.99701 and m equals 240. 

Third, assume a greater rate of destruction. Let pp=0.25. Assuming particles 
reproduce by duplication, all py greater than p2 will equal zero; p:=0; p2=0.75. 
Qis is found to be 0.99736 and m equals 270. 

Fourth, assume no destruction of particles, and assume particle reproduction 
is by triplication. In this case all terms of py are equal to zero except p: and ps; 
pi=0.75; ps=0.25. Qis is found to be 0.99721 and m equals 260. 

Fifth, assume no destruction of particles, and assume particles reproduce by 
forming octets. All terms of px except pi: and ps are zero; pi:=0.92857; 
Pps=0.071429. Qis is found to be 0.99823 and m equals 410. 

So, on the basis of the combined data of Experiments No. 4, No. 5, and No. 6 
when the animals grew 3.4 fissions per day, the particles increased at a rate of 
of 2.0 duplications per day. If particles reproduced by doubling and none were 
destroyed, the initial particle concentration was about 220 per animal. If de- 
struction of particles occurred or if particles reproduced by higher multiples 
than by doubling, the particle number is calculated as greater than 220. Just 
how much greater than 220 depends upon how much destruction is assumed, 
and upon how large one assumes the multiple by which the particles reproduce. 
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5. The assumptions and their validity 


The assumptions which were made in the development of OTTER’s equations 
have already been outlined. It has just been shown by these equations that 
if log(—log W,) is plotted against na straight line should result. When the ex- 
perimental values of W, were plotted in this manner (figure 1), a straight line 
was obtained as predicted. Experiment No. 7 (see p. 379), which is comparable 
to the preceding experiments, gave data which show a straight line relationship 
even more clearly (see figure 2). The fact that the data are in agreement with 
this prediction based on the assumptions provides an indication of the validity 
of certain of those assumptions. The assumptions will now be discussed indi- 
vidually. 

The first assumption was that the kappa concentration among the strong 
killers used to start Experiments No. 4, No. 5, and No. 6 was uniform. This as- 
sumption is supported by the fact that although Experiments No. 4 and No. 
5 were started from single animals and Experiment No. 6 was started from 40 
different animals, the data all fall together on the same curve. 

Second, assumptions were made concerning the destruction of particles of 
kappa. Since a straight line would be obtained whether destruction occurred 
or not, no evidence is obtained from the data. Later, p. 396, it is shown that 
destruction does take place at 30.4°C and higher. It seems possible, therefore, 
that some destruction occurred in these experiments which were run at 27°C. 
Consequently, the figure of 220 particles assuming no destruction, may be too 
low. The figure of 240 particles assuming 0.1 of the particles destroyed in each 
interfission interval, or 270 assuming 0.25 destroyed in each interval, are 
possibly better estimates. If the rate of destruction exceeded 0.25, even higher 
particle numbers would be indicated. 

Third, assumptions were made concerning the manner of reproduction of 
kappa. Here also the data provide no test for deciding how reproduction occurs 
for a straight line would be obtained under any circumstances. Multiplication 
by duplication provides the simplest hypothesis and yields a calculated particle 
number of 220. But it has been shown that if reproduction proceeds by higher 
multiples, greater values of m will be computed (assuming no destruction, for 
triplication, 260; for reproduction by octet formation, 410). 

Fourth, it was assumed that particles segregate at random to the two prod- 
ucts of each fission. Agreement of the predicted straight line with the data 
support the assumption. 

Fifth, OrTER assumes that the probability for a particle to reproduce, 
disintegrate, or remain intact in an interfission interval is the same for each 
particle and for each interfission interval. Two different aspects of particle 
behavior arise from this assumption, and each will be considered separately. 
The first aspect is that the reproductive rate in all lines of particle descent 
will not be exactly the same; the rate in some lines will, by chance, be greater 
than in others. Whether kappa particles actually exhibit such a variation in 
rate is unknown, but if the rate of increase in different lines of particle descent 
were somewhat more or somewhat less uniform than assumed, it seems prob- 
able that the resulting distribution of particles among the animals in the 
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population would be closely approximated by the distribution calculated by 
OTTER. 

The second aspect of this assumption is that the average rate of particle 
increase must be exponentially constant throughout the whole of each experi- 
ment. In considering the validity of this point it is necessary to regard the first 
part of each experiment when the kappa concentration was relatively high as 
distinct from the second part when the kappa concentration was low. During 
the first part no measurable proportion of animals lacked kappa; during the 
second, the measurements of the proportions of animals lacking kappa were 
made. The agreement of the data with the predicted straight line provides 
strong evidence for exponential increase, but only for the second part of the 
experiment when the measurements were made. These data obtained during 
the second part of the experiment provide no measure for the rate of kappa 
increase during the first part. Furthermore, in view of work reported in the 
next section of this paper it seems likely that kappa increased more slowly 
during the first part of the experiment when the concentration was high. The 
following considerations seem to support these conclusions. In general, proces- 
ses which require some end product in order for more to be formed are auto- 
catalytic. Such autocatalytic processes are characterized by exponential in- 
crease as long as the concentration of the end product is low in relation to 
substrate or “food supply.” As kappa production is dependent on the presence 
of some kappa, it seems likely that it is also an autocatalytic process and should 
therefore, while in low concentration show exponential increase. In view of the 
fact that autocatalytic processes proceed at a lower rate while the end product 
is in high concentration in relation to the substrate, it might be expected that 
the rate of increase of kappa was slower early in the experiments when the 
particle concentration was high. If the assumption of a constant exponential 
rate of increase of kappa did not hold throughout the whole of each experi- 
ment, and such a low rate of increase early in the experiment occurred, then the 
calculated number of particles would be too low. A quantitative approach to 
this situation is made possible by the data of experiment No. 7 appearing in the 
next section of this paper. Calculations given there, which are based on the 
assumption that particle increase is slower at higher than at lower particle 
concentrations, indicate that the particle numbers calculated in this section 
should al] be doubled. 


VIII. EFFECTS OF VARIOUS CONDITIONS ON THE RATE OF INCREASE OF 
KAPPA 


The results of the preceding section showed that while the animals of stock 
G multiplied at their maximum rate of 3.4 fissions per day at 27°C, the rate 
of increase of kappa could be estimated at 2.0 doublings per day. As was 
pointed out, this rate was determined while kappa was present in relatively 
low concentration in the animals. The experiments in the present section are 
concerned with the effect of fission rate, of the concentration of kappa, and of 
temperature on the rate of increase of kappa. Comparisons have also been 
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made, with respect to the rate of kappa increase, between different killer 
stocks. 


A. The effect of the fission rate of the animals and the concentration of kappa 
on the rate of increase of kappa 


The effect of fission rate and kappa concentration on the rate of increase 
of kappa are considered together in this section because data which have pro- 
vided information on the effect of the one have also given information on the 
effect of the other. The experiments are considered under three headings: (1) 
the rate of increase of kappa while animals multiply at a rate of 2.6 fissions 
per day, (2) the maximum rate at which animals can reproduce and still re- 
tain killing activity (which is called the critical fission rate for killing) and the 
maximum rate at which animals can reproduce and still retain kappa (the 
critical fission rate for kappa), and (3) the effect of low fission rates on the rate 
of increase of kappa while kappa is in intermediate concentration. The sig- 
nificance of these subjects in relation to the rate of growth of kappa will 
become apparent in the discussion of each which follows. 


1. The rate of increase of kappa while animals multiply at a rate of 2.6 
fissions per day. 


Experiment No. 7. This experiment is similar to Experiment No. 6 except 
for the lower rate of fission (2.6 per day) maintained here. As in Experiment 
No. 6, the proportion of animals with no kappa after different numbers of fis- 
sions was determined. These data were then used to calculate the rate of in- 
crease of kappa. 

Reduction of fission rate from the normal 3.4 fissions per day to 2.6 fissions 
per day was obtained without altering the standard temperature of 27°C, by 
culturing the animals in a solution composed of one part of the standard lettuce 
culture fluid (see SONNEBORN and DrppeEtt 1946) diluted with seven parts of 
a balanced salt solution used by TAYLOR and VAN WAGTENDONK (1941) for 
culturing Colpoda. 

The experiment was started by isolating into the lettuce-salt solution 20 
killers of stock G which had been multiplying at 27°C at a rate of 0.4 fission 
per day (test tube method). After these 20 animals had been through three 
fissions, 120 of the resulting 160 animals were isolated. These 120 animals were 
cultured by the isolation technique (see p. 367). The new isolations, instead of 
being made every four or five fissions, as described on p. 367, were made every 
day. The fission rate in the lettuce-salt medium was more variable than in the 
standard lettuce medium. Consequently, on each day it was found that the 
total number of fissions undergone since the start of the experiment was greater 
in some lines than in others. In order to have a close approximation of Wa 
based on an average value for n, it was necessary that the number of fissions 
n, undergone in different lines be not too divergent. For this reason, lines were 
discontinued when the total number of fissions undergone in any line of descent 
since the beginning of the experiment deviated more than two fissions from 
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the average number of fissions of all lines retained up to that time. Daily, on 
the sixth through the 17th days, a series of animals was isolated into “ex- 
hausted fluid” (see p. 366) and cultured at a low rate of fission to allow killing 
ability to develop if kappa were present. The resulting cultures were tested 
for the presence of killer animals in order to determine what proportion of the 
isolations had no kappa. The procedure was exactly the one set forth on p. 368 
for Experiment No. 5. The occasional discarding of lines and the occasional 
death of animals resulted in less than 120 animals tested for kappa in each 
series. 
The results of the tests are given in the following tabulation: 











MEAN NUMBER NUMBER OF LINES OF DESCENT PROPORTION LACKING 
OF FISSIONS —_— KAPPA 
(n) TOTAL LACKING KAPPA (W,) 
14.6 104 0 0 
16.6 90 1 0.01 
19.2 67 3 0.04 
22.0 69 8 0.12 
24.4 77 12 0.16 
27.2 47 15 0.32 
29.6 81 38 0.47 
32.3 64 35 0.55 
35.1 60 39 0.65 
37.6 58 42 0.72 
40.1 57 45 0.79 
8 63 52 0.83 


} 
| 
| 
| 
| 
| 





In order to determine the rate of increase of kappa, the log (—logW,) was 
plotted against n. (See figure 2.) The data fall on a straight line, showing they 
fit the OTTER equations. The slope of the line was measured and found to be 


*O5 
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Ficure 2. Log (—log) Wa (proportion of animals with no kappa) plotted against n (number of fissions) 
from the data of Experiment 7. Fission rate was 2.6 fissions per day. 
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— 0.054. Using equations already developed it was determined from this slope 
that the rate of increase of kappa was 2.1 duplications per day, (k=1.76). 
Comparison of this rate, while the animals were undergoing 2.6 fissions per 
day, with the rate of 2.0 duplications per day of kappa when the fission rate 
was 3.4 shows that this difference in fission rate has little or no effect on the 
rate of increase of kappa. It should be emphasized that in both determinations 
kappa was present in low concentration, for the rate is calculated from the 
proportion of the animals with no particles; and these proportions, of course, 
are only large enough to be measured when kappa is present in low concen- 
tration. 

Additional information on the rate of increase of kappa can be obtained by 
calculating the number of particles in the original animals from these data and 
then comparing this number with the number of 220 found in the preceding 
experiments. This calculation may be made by the method already indicated. 
If it is assumed that there is no destruction and that the particles increase by 
duplication, the values of p, can be calculated from equations (1) and (2), re- 
membering that in this case k = 1.76. It is found that p; =0.24, pp =0.76;all other 
values of px are zero. Substituting into equation (5) and solving for some value 
of Qn, it is found Qs: = 0.99361. Reference to figure 2 shows that when n=31, 
W,=0.483. m is found to be 110. 

What is the meaning of the difference between the previous determination 
of 220 particles and the present determination of 110 particles? That the 
two calculated values represent a real difference in kappa number in the ani- 
mals seems unlikely. As the animals used in the two experiments were from 
the same culture, in which the animals maintained a constant rate of 0.4 
fission per day (test tube method) at 27°C, they would be expected to bave 
approximately the same particle number. We must therefore look else- 
where for possibilities in explaining the discrepancy. One possibility is sug- 
gested by the results of Experiments No. 9 and No. 10 which indicate that 
at fission rates between 0.4 and 1.6 fissions per day while kappa is in high 
and intermediate concentrations its rate of increase is slower at lower fis- 
sion rates than at higher. It is possible that this same relation holds at higher 
fission rates (2.6 to 2.4). In the first part of this experiment (No. 7) in which 
the animals multiplied at 2.6 fissions per day, and in the first part of the ex- 
periments (No. 4, No. 5 and No. 6) in which the animals multiplied at 3.4 
fissions per day, kappa was in high and intermediate concentrations. If kappa 
increased more slowly while the animals were increasing at 2.6 fissions per 
day than it did when the animals were increasing at 3.4 fissions per day, the 
calculated number of kappa particles would be lower for the case in which 
the fission rate was 2.6 than the case in which it was 3.4. It follows that the 
estimate of 220 particles of kappa, made on the basis of data obtained from 
animals reproducing at 2.4 fissions per day, is more reliable than the estimate 
of 110. Yet if high and intermediate concentrations of kappa do lower the rate 
of increase of kappa, then this effect may also be present in some degree at 
3.4 fissions per day, and even the estimate of 220 may be too low. 
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The author is indebted to SEwWALL WRriGutT (personal communication) for a 
quantitative treatment of the problem based on the assumption that particles 
increase more slowly when in high concentration than when in low. This treat- 
ment indicates higher particle numbers than is indicated by calculations based 
on a constant rate of kappa increase, and has the advantage of eliminating 
the discrepancy betweén the estimates of 220 and 110 made when animals 
reproduced at 3.4 and 2.6 fissions per day respectively. WRIGHT’s treatment 
is as follows: 

Assume “that the percentage rate of increase of kappa during interfission 
varies inversely with the approach to a certain upper limit L. In symbols 


dx (1 =) 
xdt a iF 


This is the differential equation of the logistic or Pearl-Verhulst growth curve. 


Lxoe** 
ee ——————— 
L — xo + xoe*t 


“In the previous discussion in which a constant rate was assumed dx/xdt =a, 
x= xe", time in days was given by n/s where s is number of fissions per day. 
The multiplication of kappa per day could be expressed in any of the ways 2‘, 
k-*, or e*. Thusa=f log, 2 or s log. k, and e**=k"=(2r)", (where 2r=k). Since 
the logistic approaches the simple exponential curve when kappa is depleted, 
we may write 

Lxo(2r)" 


x = . 
L ~~ oe a Xo(2r)" 





“An animal that starts with xo particles will have 


2rxo 





1+te= 2 — 
: L 


at the end of interfission on the average (n=1). This number is halved on the 
average at fission. After another multiplication and halving it becomes 


rx 





X1 
1+ (a — 1) > 


or 


r?xo 





Xo 
1 2r — 1)(1 —_ 
+ (2r ME Ft) = 
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After the third fission it becomes 


r°xo 





Xo 
1+ (2r — 1)(1 le 


and after n fissions 


r™Xo 


1-r Xo 
1 + (2r — 1) (- )= 
i—r/L 
“With sufficiently slow fission, reaches equilibrium at a number a little less 


than L by the end of interfission and thus a little less than L/2 just after 
fission. Thus, xo/L should be approximately 3, giving the following: 





= 





K, = 2(r")(1 — r)xo, 
where 2r=k is the rate of multiplication of kappa when near depletion. 
Xn 


a ee SSS 
2(r")(1 — r) 


The estimate for xo on the assumption of a constant rate r is ¥,/r®. Thus an 
estimate of the number of particles in a strong killer immediately after fission 
is obtainable by merely dividing the estimates made by using OTTER’s method 
by 2(1—r).” The estimate of 220 particles based on 3.4 fissions per day and 
assuming a constant rate of kappa increase becomes 440 assuming logistic 
increase. The estimate of 110 particles assuming a constant rate becomes 460 
assuming logistic increase. 

“The estimates for the logistic curve took no cognizance of the reduced 
variance to be expected if duplication of kappa rises as the number of particles 
decreases and the reverse. However the average percentage rate of multiplica- 


tion is 
dx ( x ) 
— #a(i-— 
xdt ie 


in a population with mean number x, so that the curve of depletion for may 
be taken as typical. The percentage of animals wholly lacking kappa in a given 
generation depends on the average number and the variance when depletion is 
extreme. In the later generations, multiplication is essentially exponential and 
the variance at this time is affected only slightly by that in the early genera- 
tions. Thus the error in ignoring variance in the treatment of logistic growth 
should not be great.” 

To summarize, while animals of stock G containing low concentrations of 
kappa undergo 2.6 fissions per day at 27°C, kappa undergoes approximately 
2.1 doublings per day. There is an indication, however, that kappa increases 
more slowly than this when it is present in higher concentration. Computations 
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based on this assumption and on the assumptions that particles increase by 
duplication and that no destruction occurs, indicate that the particle number 
is approximately 450 in strong killers. 


2. The critical fission rate for killing and the critical fission rate for kappa 


The critical fission rate for killing is defined as the maximum rate that ani- 
mals can reproduce and retain killing activity. In a similar manner, the critical 
fission rate for kappa is defined as the maximum rate that animals can repro- 
duce and still permanently retain kappa. The significance of these rates in 
providing a measure of the rate of increase of kappa is made clear by the 
following considerations. 

When killers reproduce slowly, the net rate of increase of kappa must ex- 
actly equal the rate of increase of the animals. If kappa increased more slowly, 
it would decrease in concentration and be lost from the animals, but this does 
not happen at low fission rates. If kappa increased more rapidly than the ani- 
mals, then it would steadily increase in concentration until the animals con- 
sisted of nothing but kappa. This, of course, is an absurdity. Therefore, the 
rate of increase of kappa and the rate of fission must be exactly equal. 

When killers reproduce somewhat more rapidly, the net rate of increase of 
kappa must still exactly equal the rate of fission of the animals for the same 
reasons just outlined. But if the fission rate is increased to a value beyond the 
critical fission rate for kappa, then the concentration of kappa gradually de- 
creases and increasing proportions of animals come to lack kappa completely. 

It will be shown below under 8. that the critical fission rate for kappa in 
stock G at 27° C is approximately two fissions per day. Therefore, when ani- 
mals multiply at two fissions per day, kappa must also increase at a rate of 
two doublings per day. But it has already been shown that kappa increases 
approximately two doublings per day in stock G at 27°C when animals undergo 
2.6 fissions per day and 3.4 fissions per day. This means that as the fission rate 
is raised from low to high values, the rate of kappa increase rises only until the 
critical rate of two doublings per day is reached. Further increases in fission 
rate result in no further rise in the rate of increase of kappa. The rate of in- 
crease of kappa has reached its maximum value at the critical fission rate for 
kappa. We may thus speak of a “maximum rate of increase” of kappa under 
any given set of environmental conditions. The “maximum rate of increase” 
of kappa at different temperatures is referred to in this sense later in this paper. 

It will be shown below in 8. that, for stock G the critical fission rate for kappa 
is approximately equal to the critical fission rate for killing. Consequently, 
the measurement of either of these critical fission rates gives a measure of the 
maximum rate of growth of kappa for the particular set of conditions under 
which the measurement is made. 

To determine the critical fission rate for killing it is necessary to culture 
killers at a series of graded fission rates and test periodically for the presence 
of killing action. Strength of killing will, as shown in Experiment No. 1, 
steadily decline in the most rapidly reproducing cultures of the series. When 
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no further decrease in killing action is noted, then the most rapidly multiplying- 
culture showing any killing action is reproducing at the critical fission rate 
for killing. The critical fission rate for kappa can be determined in a similar 
manner; instead of testing for killing action, tests are made periodically to 
determine whether animals have kappa. 

This section is composed of two experiments dealing with (a) the accuracy 
of the test tube technique for the determination of critical fission rates, and 
(b) the relation of the critical fission rate for kappa to the critical fission rate 
for killing. 


a. The accuracy of the test tube technique for the determination of critical fission 
rates 


The simplest and most convenient method for obtaining a graded series of 
fission rates is by the use of the test tube method. However, in order for fission 
rates calculated by this method to equal true fission rates, two conditions had 
to be met (see p. 358): there must be no progressive changes in population den- 
sity, and the fission rate of the animals in all lines of descent must have the 
same average value. It was shown how changes in population density can be 
measured and how calculated fission rates can be adjusted when the first 
condition is not met. But whether all the animals in test tube cultures maintain 
the same average fission rate is unknown. Therefore, the accuracy of the 
method had to be determined experimentally. This was done by ascertaining 
the critical fission rate for killing at 27°C in stocks G and 50 by use of the test 
tube technique, and comparing the results with a simultaneous determination 
of the critical fission rate for killing made by the accurate but laborious method 
of controlling the fission rate in isolation cultures (for the isolation technique 
see p. 368). In the isolation cultures it was not necessary to assume that animals 
in all lines of descent reproduce at the same rate, because one can count all 
animals and thus compute exactly the rate of fission. The details of the experi- 
ment follow. 

Experiment No. 8. This experiment was started with slowly dividing killers 
of stock G and stock 50. The experiment consisted of two parts. In both parts, 
determinations of critical fission rate for killing were made by testing killing 
activity in cultures maintained at different fission rates. The two parts differed 
only in the methods used for controlling fission rate. This was controlled by 
the test tube method in the first part of the experiment, and by a special 
method which involved the use of the isolation technique in the second part 
of the experiment. 

Part 1: This first part included two series of test tube cultures, identical, 
except that one consisted of animals of stock G and the other consisted of 
animals of stock 50. Each series was started from slowly multiplying killers, 
and consisted of 12 cultures maintained respectively at 0.4, 0.6, 0.8, 1.0, etc. 
fissions per day, up to 2.6 fissions per day. Tests for killing action were begun 
on the fourth day of the experiment and were made every two days until it 
seemed clear that the strength of killing showed no progressive decrease in 
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any of the cultures. The experiment was terminated after the cultures had been 
maintained for 12 days. 

The results showed that there was no progressive decrease in killing strength 
in any culture subsequent to the sixth day. The culture containing the most 
rapidly multiplying animals which still retained killing ability at the end of the 
12 days was the 1.8 fission per day culture of stock G and the 1.0 fission per 
day culture of stock 50. These two fission rates, therefore, represent the criti- 
cal rate of fission for killing for these two stocks at 27°C. The detailed data on 
strength of killing in these cultures on successive tests are not given because 
the results are very similar to data already tabulated for Experiment No. 1 
(see table 1) and to the more complete data to be given presently for Experi- 
ment No. 9 (see table 3). 

Part 2: This second part of the experiment involved 120 lines of descent 
cultured by the isolation technique—60 lines of stock G and 60 of stock 50. 
The isolations were grown at different rates of fission by the methods outlined 
in. the next paragraph. Instead of making isolations every four or five fissions 
as described in the experiment on p. 367 isolations were made every six (rarely 
seven) fissions. From the number of days required for the six fissions, the fis- 
sion rate for each line could be accurately computed. Strength of killing of the 
animals growing at the different rates was obtained by testing the leftover 
cultures. These leftover cultures (each containing 64 animals produced by the 
six fissions, minus the one animal used to make the new isolation) were tested 
immediately for killing activity by adding sensitive stock P testers to the cul- 
tures. Killing activity in each test was recorded after 24 hours at 22°C. 

Fission rate was varied in two ways. The first method involved the use of 
culture fluid prepared from desiccated, baked lettuce powder prepared by 
Dirco LABORATORIES. Certain batches of their “mass production” product 
yielded a culture medium in which, for unknown reasons, the paramecia re- 
produced more slowly than in media prepared from the standard lettuce 
powder made in our own laboratory. The second method involved the use of 
exhausted fluid (see p. 366), which contained little food material, plus small 
quantities of fresh standard culture fluid. By varying the quantities of the 
latter the desired fission rates could be obtained. The rule which was found to 
hold roughly was that 0.001 ml of culture fluid allows one animal to undergo 
one fission. To illustrate the application of the rule, consider that one fission 
per day is desired. In this case cultures are fed 0.001 ml of fluid per animal per 
day. If two fissions per day are desired, animals are fed 0.003 ml of fluid per 
animal per day (0.001 ml per animal for the first fission plus 20.001 ml to 
enable the two products of the first fission to undergo one more fission. The 
proper amount of fluid per animal per culture to give other fission rates was 
calculated in a similar manner. 

Twenty-four of the isolations of stock G and 24 of the isolations of stock 50 
were grown in the Difco medium to reduce the fission rate; the other 36 isola- 
tions of each series were grown at different rates by the second method just 
described. Since the control of fission rate by these two methods proved to be 
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imperfect, it was not possible to culture a planned number of lines at a given 
rate. It was possible only to attempt a graded series of rates, measure the rates 
obtained, and select for use those lines which did give the desired rate. Animals 
grown in the Difco medium averaged between 1.5 and 2.5 fissions per day. The 
fission rate in certain lines was variable. These lines were discarded. Animals 
maintained in exhausted culture fluid plus standard culture fluid reproduced 
at fission rates ranging from 0.4 to 3.0 fissions per day. 

Killing tests on leftovers from lines grown by use of the Difco medium and 
by use of the exhausted fluid plus standard culture fluid gave comparable re- 
sults at the same fission rates. Consequently, the results on all lines are con- 
sidered together. In general, no progressive decrease in killing strength subse- 
quent to the sixth day was evidenced. 

First, let us consider the results on Stock G. Of the 18 lines in which the 
animals multiplied at rates of 0.7 to 1.6 fissions per day, tests on the leftovers 
showed that all remained strong killer on all tests during days six to nine after 
beginning the experiment. (Although the experiment was continued for 12 
days, leftovers were only available for testing after every six or seven fissions 
as pointed out above. In many instances this resulted in the last test occurring 
several days before the 12th day.) Of two lines in which the animals multiplied 
1.8 fissions per day, one was non-killer on all tests during days six to ten; the 
other was sometimes weak killer and sometimes non-killer on days six to 12 
but was weak killer on the last test on the 12th day. Of the eight lines in which 
the animals multiplied 2.0 fissions per day, five were non-killer on all tests dur- 
ing days six to twelve; the remaining three varied, but only one showed killing 
activity on the last test on the 12th day. Of the 12 lines in which the animals 
multiplied 2.7 to 3.0 fissions per day, all had become non-killer by the fourth 
day. Although the animals of none of the lines multiplied at rates between 2.0 
and 2.7 fissions per day, the data indicate that 2.0 fissions per day is probably 
the critical fission rate for killing, for only one of eight lines multiplying at 
this rate showed any killing activity on the 12th and last day of the experi- 
ment. 

Next, we may consider the results on stock 50. Of the 14 lines in which the 
animals multiplied at rates of 0.4 to 0.75 fission per day, all were strong killer 
when leftovers were tested on the ninth day. The 13 lines in which the animals 
multiplied at a rate of 1.0 fission per day varied when leftovers were tested on 
the sixth and 12th days; some lines which were non-killer on the sixth day were 
killer on the 12th day and vice versa; six were non-killer on the 12th day, and 
six were weak killer. Of the 21 lines in which the animals maintained rates of 
1.2 to 2.0 fissions per day, all were non-killer by the fourth day. These results 
show clearly that the critical fission rate for killing in stock 50 is very close to 
1.0 fission per day. 

* * * 

In summary, the critical fission rate for killing at 27°C, as determined by the 
test tube method, is 1.8 fissions per day for stock G and 1.0 fissions per day 
for stock 50. By the more accurate isolation method, the critical fission rate 
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for killing in stock G was determined to be 2.0, and for stock 50 it was deter- 
mined to be 1.0. The close agreement between the results obtained with the 
two different methods indicates the correctness of the assumptions on which 
the test tube method was based. As was predicted in discussing those assump- 
tions (p. 359), the difference between the calculated fission rate and the true 
fission rate must be small and in a direction tending to make the calculated 
rate too low. 

Attempts were made to perform experiments (similar to Experiments No. 4 
to No. 7) to determine the proportion of animals with no kappa after different 
numbers of fissions by using the test tube method to control fission rate. Al- 
though the results approximated those obtained in the previously reported 
experiments at comparable fission rates, they were not sufficiently reproducible 
to be considered reliable for use in calculating particle number and rate of 
kappa increase. 


b. The relation of the critical fission vate for killing to the critical fission rate for 
kappa 

In the following experiment five parts of a culture of stock G were cultivated 
at different fission rates by the test tube method. Tests were made for killing 
strength and the presence of kappa in order to determine both the critical 
fission rate for killing and the critical fission rate for kappa. 

Experiment No. 9. Five subcultures from a culture of slowly multiplying G 
killers were maintained at 27°C by the test tube method, one at each of the 
following fission rates: 1.2, 1.4, 1.6, 1.8, and 2.0 fissions per day. Two types of 
tests were made on the animals in these test tubes. The first type, made every 
four or five days, was for killing action. These tests differed from the usual 
type described on p. 357 in that they did not include the mixture of the unknown 
culture with known strong killer. Therefore, no information on sensitivity of 
cultures was obtained; only killing action was determined. The second type 
of tests, made every week or ten days, was carried out to determine whether 
the animals still retained kappa. Each test was performed by isolating 21 in- 
dividuals from a tube, allowing them to reproduce slowly to enable animals 
with kappa to produce killer progeny, and then testing for killing action. It 
was thus determined how many of the 21 animals contained no kappa. This 
provided a rough estimate of the proportion of the animals with no kappa in 
the tube. 

The results of the tests for killing are recorded in table 3. As a rule, the ani- 
mals cultured at 1.8 fissions per day and less retained killing activity, but ani- 
mals cultured at 2.0 fissions per day lost killing activity. In the cultures which 
did not lose killing ability, killing strength was, during most of the experiment 
weaker in the faster multiplying cultures. Finally, cultures which did not lose 
killing strength showed increase in killing strength at some time subsequent 
to the 13th day. 

The results of the tests for the presence of kappa are recorded in table 4. 
When animals were cultured at 1.2 and 1.4 fissions per day, no animals lacking 
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TABLE 3 


Stock G. Strength of killing of initially slowly dividing strong killer cultures after reproduction for 
various periods at different fission rates. Number of + symbols indicates strength of 
killing. The symbol NK indicates no killing activity. 
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kappa were found. In the tube in which animals multiplied at 1.6 fissions per 
day, one animal lacking kappa was found in the group of 21 animals removed 
on the 15th day, but all tested animals had kappa on subsequent days. In 
the group cultured at 1.8 fissions per day, several animals lacking kappa were 
occasionally found. Kappa finally disappeared from all the animals in the 
tested groups from the tube in which the animals were cultured at 2.0 fissions 
per day. 

The following conclusions can be drawn from these results. First, the data 
give the critical fission rate for kappa. Kappa clearly can increase at a rate 
of 1.8 doublings per day when the animals multiply at this same rate. If 
kappa could not increase at this rate, then in the culture growing 1.8 fis- 
sions per day, increasing proportions of the animals would have lost kappa. 
Although some animals in the culture did lose kappa, the proportion of 
these animals without kappa did not increase consistently. Since kappa dis- 
appeared slowly in the 2.0 fission per day culture, it is evident that kappa can- 
not quite maintain this rate. In the previous experiment (No. 8), when the 
fission rate was controlled by the test tube method, the true rate in the case 
of stock G was shown (p. 387) to be somewhat higher than the calculated rate 
of 1.8 fissions per day. Therefore, we may conclude that kappa increased at 


TABLE 4 


Stock G. Number of animals without kappa owt of samples of 21 from initially slowly dividing strong 
killer cultures after the cultures had reproduced for various periods at different fission rates. 











MEAN NUMBER OF ANIMALS WITHOUT KAPPA OUT OF SAMPLES OF 21 AFTER 
DAILY — 

FISSION 11 15 24 34 44 51 58 
RATE DAYS DAYS DAYS DAYS DAYS DAYS DAYS 
12 — 0 0 0 — —_ — 
1.4 — 0 0 0 _- — a 
1.6 — 1 0 0 0 0 0 
1.8 1 3 4 3 0 0 1 
2.0 1 0 1 
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least 1.8 duplications per day and probably slightly faster when the fission 
rate had the same value. The rate of increase of kappa at this fission rate 
corresponds fairly closely to the determinations of the rate of increase of kappa 
at higher fission rates—2.1 doublings per day at a fission rate of 2.6 and 2.0 
doublings per day at a rate of 3.4. This seems to indicate that kappa can in- 
crease roughly two doublings per day at a fission rate of two fissions per day, 
and that increase in the fission rate above this level has little or no effect on 
the maximum rate of increase of kappa. 

Second, there are indications that kappa cannot increase as fast in high 
concentration as it can in low concentration. This was suggested by the results 
of Experiment No. 7 (p. 379). How the data indicate such an effect of kappa 
concentration on the rate of increase of kappa can be best brought out by con- 
sidering what would be the expected consequences of such an effect. If kappa 
does not increase as fast in high concentration as in low, then the concentration 
must be reduced when kappa is maintaining its maximum rate at the critical 
fission rate for kappa. Hence, when animals are taken from a slowly dividing 
culture of strong killers, with presumably the maximal concentration of 220 
or more particles of kappa per animal, and are allowed to multiply at the criti- 
cal fission rate for kappa (1.8 fissions per day), the kappa will at first multiply 
at a submaximal rate until the concentration per animal is reduced to the 
level at which the maximal rate for kappa (1.8 doublings per day) can occur. 
The kappa concentration would then be maintained at this level. 

Two effécts of this drop in kappa concentration should appear in this ex- 
periment. First, if the concentration of kappa drops to a very low level, occa- 
sionally there should be produced by chance animals which lack kappa com- 
pletely. Such animals were in fact found in the cultures reproducing at 1.6 and 
1.8 fissions per day. (There is the alternative possibility, however, that they 
are animals descended from lines in which the animals reproduced somewhat 
faster than others in the cultures at rates exceeding the rate of increase of 
kappa.) The second effect expected, if the concentrations of kappa are lower 
when the fission rate is near but not above the critical rate, is that the killling 
reactions should be weaker at these fission rates. The data of table 3 show 
clearly that this does occur. It might be argued, however, that this reduction 
in killing potency is not necessarily indicative of lower kappa concentrations, 
and that there is possibly some other factor intrinsic in rapid growth which 
inhibits killing action. These alternate explanations of both of the expected 
consequences of a reduced kappa concentration near the critical fission rate 
make it possible to conclude only that the data provide an indication of a 
slower rate of kappa increase when kappa is in high concentration. 

Third, it may be concluded from experiments of this type on stock G that 
cultures of animals reproducing at the critical fission rate for kappa usually 
exhibit weak killing action, and hence that the critical fission rates for kappa 
and for killing are identical. An examination of tables 3 and 4 shows, in general, 
that the 2.0 fission per day culture, from which kappa disappeared, also lost 
killing, and that the 1.8 fission per day culture, which never lost kappa, re- 





| 








“KAPPA” IN PARAMECIUM 391 


tained killing. In practice, however, tests for killing activity performed on 
three or four days would be required to establish this identity of the two criti- 
cal rates, for as appears in table 3 the 2.0 fission per day culture, which even- 
tually lost kappa, gave a “+” reaction on the 41st day, and the 1.8 fission per 
day culture, which never lost kappa, gave no killing action on the 16th and 
20th days. 

Increase in strength of killing subsequent to the 13th day occurred in all 
cultures which did not lose kappa. This is a regular occurrence in experiments 
of this type. The cause and meaning of this apparently adaptive change is 
unknown. Such changes would occur, however, if kappa particles differ 
hereditarily in their maximum rate of increase. The initial decrease in killing 
strength, according to this explanation, would be caused by loss of the more 
slowly increasing particles; the subsequent increase in killing strength would 
be due to a gradual raise in concentration of the more rapidly increasing par- 
ticles. If such diverse kappa particles exist in an animal with much kappa, it 
should be possible to “isolate”. them by reducing the kappa concentration to a 
single particle by the differential reproductive rate method used in the previ- 
ous experiments. This was attempted, and the isolated particles were allowed 
to increase to yield killers in which all the particles, being recently derived 
from one, should have been characterized by the same hereditary multiplica- 
tion rate. The test tube method was then employed to determine the critical 
fission rates for the kappas descended from different isolated particles. Not only 
were there no differences in critical rate, but all showed the same “adaptive” 
phenomenon. This means, therefore, that the particles of kappa in the original 
killer did not differ hereditarily in multiplication rate. However, the possi- 
bility remains that, in the experiments showing “adaptive” changes, such dif- 
ferences arose by mutation during the course of the long period preceding the 
appearance of the adaptation. This has not yet been tested. 

In summary, this experiment has shown (1) that the critical fission rate for 
kappa is at least 1.8 fissions per day and probably slightly greater, indicating 
that kappa can increase at least 1.8 doublings per day while animals are multi- 
plying at the same rate, (2) that the critical fission rate for killing is approxi- 
mately equal to the critical fission rate for kappa in stock G, and (3) that 
kappa can probably increase faster in low concentration than it can in high. 


3. The effect of low fission rates on the rate of increase of kappa while kappa 
is in intermediate concentration 


In the preceding experiment a study was made of the effect of low fission 
rates on the rate of increase of kappa while kappa was in high concentration. 
In the experiment now to be reported a study was made of the effect of low 
fission rates while kappa is in intermediate concentration. 

Kappa was reduced to a low level by a series of rapid fissions. Then it was 
possible to measure the time and number of fissions required for animals to 
become killer again while reproducing at different slow rates of fission. From 
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these data it was possible to compare the rate of increase of kappa at the dif- 
ferent fission rates. The account of this experiment follows. 

Experiment No. 10. A subculture from a slowly reproducing culture of stock 
G was maintained at 27°C by the test tube method at a calculated rate of 
three fissions per day for four days. Estimates of the population density (see 
p- 359) made at the beginning and the end of this period showed that the ani- 
mals had actually undergone eleven fissions during the four days. Therefore, 
the true fission rate 11/4=2.75 fissions per day. Three things were now done. 
First, a sample of the animals was tested for killing. This test proved the ani- 
mals to be weakly sensitive non killers. Second, 30 animals were isolated and 
cultured at a low rate of fission; later, their progeny were tested for killing 
ability to determine what proportion of the original isolates had lacked kappa. 
These tests showed that all of these 30 isolates had contained kappa, indicating 
that most, or all, of the animals in the culture from which the isolations were 
taken also contained kappa. Third, the remaining animals were separated into 
nine cultures and maintained by the test tube method, feeding amounts de- 
signed to yield the following rates: culture No. 1, 0 fissions per day; No. 2, 
0.1; No. 3, 0.2; No. 4, 0.4; No. 5, 0.6; No. 6, 0.8; No. 7, 1.0; No. 8, 1.2; No. 9, 
1.4. Every day a sample of 0.1 ml of fluid and animals were removed from each 
of these nine cultures and an equal number (about 150) of stock P sensitive 
testers was added to each sample. The number of affected stock P sensitives 
in each sample after 24 hours at 22°C was recorded. 

Before discussing these results, a discrepancy in the fission rates of the test 
tube cultures needs to be mentioned. Estimates of the population density in 
these nine cultures made at the time they were started and also several days 
later showed that each underwent approximately two more fissions than calcu- 
lated on the basis of the above listed fission rates. However, it was possible to 
estimate the true average fission rate in each of the test tubes during the period 
required for the animals in each to reach the strength of killing specified in 
the next paragraph. This was done by adding the two additional fissions under- 
gone in each tube to the calculated number of fissions for the period, and divid- 
ing by the number of days in the period in question. 

The results obtained from the daily tests made on the animals in the nine 
cultures are given in table 5, which shows the number of sensitive animals 
affected in the daily test on each culture. At first, the cultures remained non- 
killers; then they gradually became killer. In general,. after killing once ap- 
peared, more stock P animals were affected on each subsequent test. The num- 
ber of days and the number of fissions from the beginning of the slow fission 
rate until a test showed ten stock P animals affected have been computed for 
each tube culture. Sincé only rarely were exactly ten animals affected, a rough 
interpolation was usually made in determining this number of days. For in- 
stance, table 5 shows that no animals of culture No. 1 were affected in the 
tests until the fifth day when four were affected, and that on the sixth day, 17 
were affected. A rough interpolation was made, and the number of days until 
ten animals were affected was estimated at 5.5. Dividing the number of fissions 
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TABLE 5 


Stock G. The number of animals of sensitive stock P affected on successive days in tests of samples from 
nine slowly multiplying cultures initially rendered non-killer by 2.75 fissions per day for four days. 
The nine cultures were multiplying at a graded series of rates ranging from approximately one-half 
fission per day for the first culture to one and one-half fissions per day for the ninth culture. 
(See text p. 392 for details) 








NUMBER OF ANIMALS AFFECTED AFTER 








CULTURE 
NUMBER 1 2 3 4 5 6 7 8 9 10 11 
DAY DAYS DAYS DAYS DAYS DAYS DAYS DAYS DAYS DAYS DAYS 
1 0 0 0 0 4 17 27 11 23 a= 
2 0 0 1 0 7 23 12 21 37 — _— 
3 0 0 0 1 6 31 33 44 — — — 
4 0 0 0 0 1 11 23 44 — -- -- 
5 0 0 0 0 0 11 30 46 — — — 
6 0 0 0 0 1 7 21 32 = -— — 
7 0 0 0 0 0 3 2 10 26 — — 
8 0 0 0 0 0 2 0 4 17 24 34 
9 0 0 0 0 0 0 





that occurred during this period by the number of days in the period, the true 
fission rate can be computed. In the present example, culture No. 1, though 
not fed, went through two fissions (see above, p. 392). Hence, the true fission rate 
was 2/5.5=0.4. In like manner, the data of table 5 may be used to calculate, 
for each of the nine cultures, the true fission rates for the period until ten ani- 
mals of stock P were affected. These calculations follow: 














CULTURE NUMBER OF NUMBER OF TRUE FISSION 

FISSIONS DAYS RATE 
1 2 5.5 0.4 
2 2.5 5.2 0.5 
3 3 5.2 0.6 
4 4.4 6 0.7 
6 7 6.2 ‘2 
7 10 8 1.2 
8 12:2 o.5 1.4 
9 17.1 10.8 1.6 








In order to draw conclusions concerning the rate of increase of kappa from 
these data, it is necessary to assume that all cultures have approximately the 
same concentration of kappa particles per animal when a 0.1 ml sample affects 
ten sensitives in a test. Although this may not be strictly true, the strength of 
killing was shown in Experiment No. 1 to be closely correlated with the kappa 
concentration. Therefore, all samples affecting ten sensitives must have ap- 
proximately the same number of particles per animal. 
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If we knew how many doublings in amount kappa underwent from the 
time of the beginning of the slow reproduction until ten animals were affected, 
we should be able to calculate the rate of increase of kappa. Although this is 
not known, the general relations can be made clear by making calculations 
on the basis of arbitrary values for number of doublings of kappa. First, as- 
sume that the kappa concentration per animal doubled only once during the 
period of slow reproduction until ten animals were affected. In the case of 
culture No. 1, reference to p. 393 shows that the animals underwent two fissions 
or doubled in number twice during the period. Hence, kappa must have 
doubled three times during the period 5.5 days in order to bring about one 
doubling in concentration per animal. This gives a rate of 3/5.5, or about 0.5 
doubling per day. If one proceeds in this manner for all the cultures, the rate 
of kappa increase, assuming one doubling in kappa concentration, may be 
calculated for each. In like manner, one may calculate for each culture the 
rate of kappa increase assuming that 4.5 doublings in kappa concentration 
occurred during the period of slow reproduction before ten sensitive animals 
could be affected in a test. The calculated rate of kappa increase expressed in 
number of doublings per day on the basis of these two arbitrary values for the 
number of doublings of kappa concentration, are as follows: 








CALCULATED NUMBER OF DOUBLINGS 
OF KAPPA PER DAY 
MEAN DAILY ———— — 








CULTURE 
FISSION RATE ASSUMING ONE ASSUMING 4.5 
DOUBLING IN KAPPA DOUBLINGS IN KAPPA 
CONCENTRATIONS CONCENTRATION 
1 0.4 0.5 i. 
2 0.5 0.7 1.3 
3 0.6 0.8 1.4 
4 0.7 0.9 io 
5 0.9 1.1 1.7 
6 ee $3 1.9 
7 i2 1.4 1.8 
8 1.4 1.6 2.0 
9 1.6 L.7 2.0 
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Obviously, kappa increases faster when the fission rate is faster, regardless 
of which of the two arbitrary values is assumed as a basis of calculation. The 
assumed value of 4.5 is clearly a limiting upper value, for it leads to kappa 
rates of two doublings per day, which previous experiments have shown 
to be at or near the upper limit. While the assumed value of one is not a 
limiting lower value, the preceding tabulation shows that the increase of 
kappa with increasing fission rates is more marked when the assumed value is 
lower, hence still lower assumed values would only bring out the point more 
strongly. While the true value probably lies somewhere between the two as- 
sumed values, determination of the true value is of little consequence. The 
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main point, already clearly shown, is that at intermediate kappa concentra- 
tions, the rate of kappa increase rises as the fission rate rises. 


B. The effect of temperature on the rate of increase of kappa 


Before this part of the work was undertaken, it was shown by SONNEBORN 
(1947a, b) that the extremes of high and low temperatures are both capable of 
inactivating kappa in the variety 4 killer stock 51. The following experiment 
indicated that high temperature may also inactivate kappa in variety 2. Fur- 
thermore, it has been possible to estimate the rate of increase of kappa at 
different temperatures. 

It was shown im Experiment No. 9 that the critical fission rate for kappa is 
essentially the same as the critical fission rate for killing. It was further indi- 
cated that the numerical value of this rate is close to the maximum rate of 
increase of kappa (see p. 384). Assuming that the equality of these critical fis- 
sion rates in stock G holds at different temperatures, it follows that the de- 
termination of the critical fission rate for killing at some particular tempera- 
ture will give a measure of the maximum rate of increase of kappa at that tem- 
perature. The purpose of the following experiment was to make such determi- 
nations. 

Experiment No. 11. The experiment was started with a slowly reproducing 
killer culture of stock G. The culture was split into six series of cultures, one 
series to be cultivated at each of the following Centigrade temperatures: 11°, 
18°, 22°, 27°, 29.4°, 30.4°. One of the tube cultures in each series was main- 
tained by the test tube method at 0 fissions per day, another at 0.2 fission 


2.0 


CRITICAL FISSION RATE FOR KILLING 
2 











15 20 25 30 

DEGREES CENTIGRADE 
Ficure 3. The effect of temperature on the critical fission rate for killing based on the data of Exper- 
iment 11. The critical fission rate for killing is the maximum number of fissions per day animals can 


maintain and still retain killing activity (therefcre equal to the maximum rate of increase of kappa, 
see p. 396). 
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per day, another at 0.4, another at 0.6, and so on, to give a graded series of 
tubes at each temperature up to the maximum fission rate at each temperature. 
Killing tests were made every few days until it was evident that killing ac- 
tivity had ceased to grow weaker in any of the tubes. Cultures were retained 
for the following periods before the final determination of killing strength was 
made: 60 days at 11°, 21 days at 18°, 12 days at 22°, 12 days at 27°, 19 days at 
29.4°, 19 days at 30.4°. 

The fission rates of the most rapidly reproducing cultures at each tempera- 
ture which retained killing activity (criticial fission rates for killing) are shown 
graphically in figure 3. 

Killing strength seemed weaker at all temperatures at fission rates near the 
critical fission rate for killing. At higher temperatures killing strength was also 
weaker in the cultures maintained at the slowest rates (0, 0.2, 0.4 fission per 
day). This effect was very marked at 29.4°C, weakly expressed at 27°C, and 
not present at all at lower temperatures. In general, the most intense killing 
activity occurred in cultures maintained at 18°C, the weakest killing activity 
at 29.4°C. (Other experiments have shown that this effect of temperature on 
killing strength is even more strongly marked in stock H. Stock H cultured at 
27°C shows fairly strong killing activity; but after ten days at 18°C, it becomes 
much stronger.) 

As pointed out above the critical fission rate for killing at each temperature 
where killing activity is retained is approximately the maximum rate of in- 
crease of kappa at that temperature. At all temperatures, the critical fission 
rate for killing is less than the maximum fission rate of the animals. The maxi- 
mum rate of kappa increase occurred between 22° and 29.4°C. The rate 
dropped off rapidly above 27°C. As killing activity disappeared from animals 
reproducing at all rates at 30.4°C, kappa must be inactivated at this tempera- 
ture. There is no evidence that kappa was destroyed at a temperature of 11°C 
in the case of stock G. 


C. Comparison of the critical fission rate for killing in 
the different killer stocks. 


The critical fission rate for killing at 27°C has been determined for the dif- 
ferent killer stocks in several experiments. If the critical fission rate for killing 
is equivalent to the critical fission rate for kappa in the other killer stocks, as 
it is in stock G, then the determinations represent the maximum growth rate 
of kappa in these stocks. Since the determinations were made in several differ- 
ent experiments, all of which gave essentially the same results, they will all 
be considered together. 

The experiments were performed just as described in the preceding experi- 
ment, utilizing the test tube method of controlling fission rate at 27°C. The 
determination on each stock was made by starting with a strong killer culture 
which was split into a series of test tube cultures. These test tube cultures were 
maintained at different fission rates to give a graded series of rates from zero 
to three fissions per day: 0, 0.2, 0.4, 0.6, and so on. Killing tests were made 
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every few days until it was evident that killing had ceased to grow weaker 
in any of the tubes (usually ten to 16.days). The most rapidly reproduc- 
ing culture in each series which still showed killing activity was then noted. 

It was found that the fastest reproducing culture which retained killing ac- 
tivity varied with the different stocks and sometimes was slightly different 
in different experiments on the same stock. For stock G the critical fission rate 
for killing was determined as 1.8 fissions per day, rarely 1.6 or 2.0; for stock H, 
1.0 or rarely 0.8; stock 36, 1.4; stock 50, 1.0 or rarely 1.2. The mutant Gm 1 was 
not tested. 

It was found that killing was usually weak and occasionally lacking at the 
critical fission rate for killing, often making an exact determination somewhat 
difficult. This was brought out by the data given in table 3 for Experiment 
No. 9. It seems likely that the difficulty in precisely measuring the critical 
fission rate for killing accounts for much of the variation in the values obtained 
for the critical rates in different experiments, rather than variation in the rate 
of increase of kappa. 

If the critical fission rate for killing in these stocks approximated the critical 
fission rate for kappa, then the determinations of critical fission rates for killing 
must represent approximately the maximum rates of increase of the different 
kappas. These are: for stock G. 1.8; stock H, 1.0; stock 36, 1.4; stock 50, 1.0. 
These rates are probably somewhat too low, for it has been pointed out (see 
p. 387) that the maximum rate of increase for kappa in stock G is near 2.0 
rather than 1.8. The low rates of increase for stocks H and 50 would explain 
the relatively long time required for sensitive cultures of these stocks to be- 
come killer again in Experiment No. 1 (see p. 362). Much less time was required 
for stock G. 

There is a possibility, of course, that equality of the critical fission rate for 
kappa and the critical fission rate for killing does not hold for the other stocks. 
This would be true if a higher kappa concentration is required for animals of 
these stocks to evidence killing. Such an explanation would also account for 
the relatively long time required for sensitives to become killer in stocks H and 
50. The final answer to the question must await determination of the critical 
fission rate for kappa in the different killer stocks. 


IX. DISCUSSION 
A. The combination of kappa with gene K 


The present work makes it possible to eliminate one of the two alternative 
hypotheses proposed by SONNEBORN (1945a, b) to account for some of his 
observations on kappa in variety 4. His two hypotheses were the concentration 
hypothesis and the hypothesis of the union of kappa with gene K in the 
macronucleus. According to the concentration hypothesis, animals are sensi- 
tive if kappa is present in the cytoplasm in low concentration. According to the 
alternative hypothesis, which SONNEBORN preferred, animals with small 
amounts of kappa are sensitive because the kappa under these conditions is 
bound in the macronucleus to the gene K. On this hypothesis, it was required 
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that kappa be unable to pass from the intact macronucleus to the cytoplasm 
where it had to be in order to control the killer character. 

One of the main results of the present investigation on variety 2 kappa is the 
demonstration that kappa may be lost completely from killers by a series of 
rapid fissions in the absence of macronuclear disintegration. As pointed out 
earlier (PREER 1946), this is inconsistent with SONNEBORN’s preferred hypo- 
thesis. SONNEBORN (1947a, b) consequently rejected this hypothesis in favor 
of the alternative concentration hypothesis and showed how the concentration 
hypothesis, which may be considered established by the investigations reported 
in the present paper, can also be reconciled with all of his observations. 


B. Is kappa a symbiont? 


ALTENBURG (1946), referring to the work of the author, notes the parallel 
between the number of particles of kappa and the number of symbiotic green 
algae in P. bursaria. Relative to this, it should be noted that these algae also 
can be reduced in number and removed entirely from animals by a series of 
rapid fissions (JENNINGS 1938) as has been done with kappa in variety 2. 
Because of the parallel in kappa and algal number in P. bursaria and because 
of the lack of complete coordination of rates of kappa and animal increase, 
ALTENBURG has made the suggestion that kappa is a derivative of symbiotic 
algae such as are present in P. bursaria. 

A comparable suggestion has been made by LINDEGREN (see SONNEBORN 
1947b) who holds that kappa is a virus. SONNEBORN (1947b) has given a de- 
tailed critique of the view that kappa may be a symbiont. His argument is 
based essentially on his observation that the killer character is not a unique 
case in the group B varieties of P. aurelia, but on the contrary is representative 
of all characters thus far studied in this material. Each appears to depend on a 
distinct cytoplasmic factor comparable to kappa. A system of cytoplasmic 
factors appears to constitute the normal mechanism of genetic control. 


C. Variation in the concentration of cellular constituents as a 
consequence of differential multiplication rates 


The experiments reported in this paper have shown how differences between 
the rate of multiplication of kappa and the rate of multiplication of the para- 
mecia lead to variations in the concentration of kappa. This discovery is in 
agreement with a few remarkably comparable cases in the literature. Reference 
has already been made to JENNINGS’ (1938) observation that the concentration 
of symbiotic algae in P. bursaria can be reduced by allowing the paramecia to 
multiply rapidly. 

Similarly Lworr and Dust (1935) have reported a case of reduction of the 
number of plastids in Euglena mesnili by differential multiplication rates. The 
organisms have normally about 100 plastids. When E. mesnili is cultured in 
the dark, the plastids retain their chlorophyll and normal morphological ap- 
pearance, but their multiplication rate is inhibited. This lowered multiplication 
rate, over a period of several months, results in a gradual reduction in plastid 
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number. Finally, individuals are produced which completely lack plastids. 
But, since such individuals have a low viability, it has not been possible to 
establish pure cultures of E. mesnili lacking plastids. 

Finally, there remains the case of the “genoid” or cytoplasmic factor de- 
termining sensitivity to COz in Drosophila (L’Hérit1eER and TEIssIER 1938 
and 1944). L’HERITIER and Sicot (1944-45) have shown that when small 
amounts of the cytoplasmic factor are introduced along with the sperm into 
the egg at fertilization, the inhibitory effect of extreme temperature reduces 
the rate of increase of the cytoplasmic factor to less than the division rate of 
the embryonic cells. They have shown that this results in the production of 
many cells lacking the cytoplasmic factor. This situation is remarkably similar 
to the reduction of the number of particles of the cytoplasmic factor in the 
variety 2 killers, which was also accomplished by differential rates of multipli- 
cation. 


D. Comparison of the present results on number of particles and 
rate of increase of kappa in variety 2 with those in variety 4 


The author’s calculations of particle number in variety 2 have been con- 
firmed for variety 4 by SONNEBORN (1947a, b). Analysis of his data on the 
progeny of animals without kappa into which small amounts of kappa had 
been introduced at conjugation led to an estimate of approximately 256 parti- 
cles of kappa in normal killers. This is in complete agreement with the author’s 
first estimate for variety 2 killers (PREER 1946). 

On the other hand, there are marked differences between the rate of increase 
of kappa in these two varieties of P. aurelia. SONNEBORN (1945b) early ob- 
tained evidence that kappa in variety 4 can increase at a rate of six doublings 
per day, a rate equal to the maximum rate of fission at 27°C. This is in marked 
contrast to the situation in variety 2 where kappa cannot keep pace with the 
maximum fission rate of only 3.4 fissions per day. 

In another respect, however, there is agreement between the two varieties 
in the behavior of kappa. SONNEBORN (1947b) pointed out that in variety 4 
slowly multiplying killers are stronger killers than more rapidly multiplying 
animals. He suggested that this may be explained by assuming that kappa 
rises to higher concentrations when animals reproduce more slowly. This, of 
course, implies an effect of concentration on the rate of increase of kappa as 
pointed out on p. 390. The work of the author on variety 2 confirms this obser- 
vation made by SONNEBORN. 


E. The rules of amitotic distribution of autocatalytic 
particles at cell division 


Just as there are mathematical rules governing the distribution of genes at 
mitosis, meiosis, and fertilization, there is also a mathematics of amitotically 
distributed autocatalytic bodies at cell division. The relations given in this 
paper are fundamental to any study of the distributional behavior of such 
bodies. Even though the segregation to the two products of each division may 
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not be completely random (as has been. assumed), the relations lead the way 
to a proper analysis. Starting with an animal (or animals) containing any 
given number of particles, and for any relative rate of particle and animal 
increase, it can be calculated what percentage of animals at any time have no 
particles. Methods developed by OTTER (see p. 372) also enable one to calculate 
the percentage with one particle, two particles, three particles, etc., somewhat 
in the manner of the Poisson distribution. 

Certain ideas emerge from a consideration of OTTER’s relations which are 
not readily apparent otherwise. For instance, OTTER has investigated the limit 
of the proportion of animals with no particles (W,) as the number of fissions 
(n) approaches infinity in equation (4) (see p. 371). He has found that when the 
average multiple by which the particles increase in each interfission period, 
k, is equal to or less than two, then W, approaches one. This means that the 
proportion of animals with no particles after n fissions, Wn, gradually increases. 
In the case when particles and animals increase at the same rate (k= 2.0) this 
fact leads to interesting speculations. For example, consider the hypothetical 
case of an animal (or cell) with ten particles of randomly segregating auto- 
catalytic bodies which double in number every time the animals double in 
number. Jf it is assumed that there is no destruction of particles and that 
particles reproduce by cuplication, equation (4) may be applied as outlined on 
page 374. It is found that 5 percent of the progeny of such an animal after 
10 fissions will lack particles; 20 percent, after 20 fissions; 30 percent, after 
30 fissions; and 40 percent, after 40 fissions. If the starting number of particles 
were 20 instead of 10, then after 10 fissions the number lacking kappa would 
be negligible; after 20 fissions, 4 percent; after 30 fissions, 10 percent; after 40 
fissions, 17 percent; and so on. Thus when particle and animal rates are exactly 
the same, the distribution of particles becomes extremely nonrandom after a 
small number of fissions, and the percentage of animals lacking the particles 
increases steadily. If higher particle numbers are taken, then the process re- 
quires longer. But when dealing with time from an evolutionary point of view, 
even large particle numbers show the same effect. 

We are forced to conclude that if segregation of particles to the two products 
of each fission is random, and if particle numbers remain uniform, then what 
might seem the natural process of exactly correlated particle and animal re- 
productive rates cannot exist. When, by chance, particle numbers drop too 
low, the rate of particle production must increase; and when they rise too 
high, the rate of particle production must drop. An alternative would be that 
some selective process might maintain uniformity by removing animals with 
extreme particle concentrations, but this lowered survival value for the species 
would be costly from the standpoint of evolution. 


F. The mutation of cytoplasmic factors 


In order to study effectively the mutation of cytoplasmic factors, it must be 
possible to obtain animals, or cells, which contain only the mutant particles of 
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the cytoplasmic factor. This segregation of particles may be accomplished for 
kappa by culturing animals at a rapid fission rate until the kappa concentration 
is reduced to the point that a large percentage of the animals contain only 
single particles of kappa. If animals are now isolated and cultured at a low 
fission rate, individuals will be obtained which contain kappa particles which 
are all “descended from” single particles. Animals containing single particles 
may be produced on a large enough scale to make mutation studies feasible. 
SONNEBORN (1947a, b) has pointed out that the same thing may be accom- 
plished if the particle concentration is reduced by heat inactivation. 

In this connection, it is interesting to note that the mutant killer, Gm1, arose 
under just such conditions. Gm1 arose in Experiment No. 3 in which a series of 
isolations was made from a culture derived by 17 rapid fissions from a single 
typical stock G killer. The animals after isolation were cultured at a slow rate 
of fission to allow kappa to increase faster than the animals and produce killers. 
The fact that approximately 50 percent of these isolations produced no killers 
and therefore had no kappa indicated that the particle number per animal was 
so low that an appreciable proportion of the isolations which contained kappa 
must have had only one particle. All except one of the isolations which gave 
rise to killers produced normal stock G killers. This exceptional isolation gave 
tise to killers all of which were of the mutant type. The circumstances of the 
origin of Gm1 make it seem very likely that the mutation involved a change in 
a single particle of kappa, and that this particle or a “descendant” of this 
particle was the only particle in the single animal which gave rise to the mutant 
killer. During the period of slow multiplication following isolation of the ani- 
mal, new particles of the same mutant type were produced and animals became 
killers when the particle concentration had increased sufficiently. Genetic tests 
have not yet been performed to determine definitely whether the mutation 
involved kappa or the gene. 

It is interesting to compare the inactivation of kappa at high temperature 
with gene mutation. SONNEBORN (1947b) reports 100 percent inactivation of 
kappa in the variety 4 stock 51 in 26 hours at 38.5°C; inactivation also oc- 
curred slowly at low temperatures near 10°C. Similar heat inactivation of 
kappa has been shown for kappa in the variety 2 killers (see p. 396). The “inac- 
tivation” of a gene would be manifested as a gene mutation. Although increase 
in temperature does accelerate the rate of gene mutation, there is no known 
case of gene mutation in which the mutation rate even remotely approaches 
the inactivation rate for kappa at high temperature. Likewise ow temperature 
does not increase the frequency of gene mutation. The stability of the gene is 
markedly different, then, from the stability of kappa. Whether this instability 
is a peculiarity of kappa, or whether it is a characteristic of other autocatalytic 
cytoplasmic factors is at present unknown. In the case of kappa, we are forced 
to conclude that either (1) the nature of kappa is very different from the 
nature of the gene, at least in respect to the qualities which make for stability, 
or (2) that the location of kappa in the cytoplasm makes it much more vulner- 
able to inactivations than the location of the gene in the chromosome, 
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X. SUMMARY 

Descriptions of the different types of killers in variety 2 of P. aurelia are 
given. Each different killer produces one of a series of antibiotics known as 
paramecins which have the property of killing certain sensitive strains of 
paramecia. Descriptions of the action of these different paramecins on different 
sensitive strains of paramecia are given. 

A new technique for controlling fission rate is described. 

Killers of variety 2 may be cultured at a fission rate exceeding the duplica- 
tion rate of the cytoplasmic factor, kappa, which is necessary for the killer 
character. This results in a progressive decrease in the number of particles of 
kappa, until finally increasing proportions of the animals come to lack kappa 
completely. 

The progressive decrease in particle concentration is accompanied by a 
series of quantitative and qualitative changes in the characters associated with 
kappa. The presence of kappa in high concentration enables animals to pro- 
duce paramecin and renders them resistant to the action of the paramecin they 
produce. As the particle concentration is lowered, first, animals produce less 
paramecin; then paramecin is no longer produced but the property of resist- 
ance is retained; and finally animals lose their resistance and become sensitive 
to paramecin. 

It has been shown that if animals have at least one particle of kappa, then 
the original concentration of kappa can be restored by culturing the animals 
at low fission rates. 

The proportion of the progeny of a strong killer freed of kappa after different 
numbers of rapid fissions was measured. From these data it was possible to 
calculate the particle concentration in the strong killer and the rate of increase 
of kappa while the paramecia were reproducing at a higher rate. It was esti- 
mated that a strong killer contains approximately 450 particles of kappa. Un- 
certainties involving some of the assumptions on which the method of calcula- 
tion was based, make it necessary to conclude that the estimate of 450 particles 
may be somewhat too low. 

The relation of fission rate to the rate of increase of kappa is as follows. 
When killers reproduce slowly, the net rate of increase of kappa just equals the 
fission rate. If the fission rate increases to a somewhat higher rate, the rate of 
increase of kappa rises until it equals the fission rate. But if the fission rate is 
increased beyond a certain critical rate, then the concentration of kappa gradu- 
ally decreases. At this critical fission rate kappa is increasing at its maximum 
rate, for its rate of increase remains essentially constant as the fission rate is 
increased beyond the critical rate. This maximum rate of increase is approxi- 
mately two doublings per day for stock G at 27°C. 

When animals which have had their kappa concentration reduced to a low 
level by a series of rapid fissions are now cultured at a lower fission rate, kappa 
increases somewhat faster than the animals and the original kappa concentra- 
tion is gradually restored. As the kappa concentration rises, the rate of in- 
crease of kappa although greater than the fission rate, is not independent of it 
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but tends to approximate it. When a sufficiently high concentration is attained, 
the rate of kappa increase levels off and comes to equal the fission rate. 

The concentration of kappa also affects the rate of increase of kappa, for 
kappa increases more slowly while in high concentration than while in low. 

Temperature affects the rate of increase of kappa. The rate of two doublings 
per day of stock G kappa occurs only at about 27°C. At somewhat lower and 
at higher temperatures its rate is less. Between 29.4°C and 30.4°C and at higher 
temperatures stock G kappa is inactivated. 

It is pointed out that the results of these studies are inconsistent with the 
theory of the combination of kappa with the gene K. The relation of the 
present work to the question of whether kappa is a symbiont is discussed. A 
comparison is made between the results on variety 2 of P. aurelia and those of 
SONNEBORN on variety 4 with respect to the number of particles and rate of 
increase of kappa. Other work which has demonstrated a variation in the 
concentration of cellular constituents as a consequence of differential multipli- 
cation rates is compared with the present work. The significance of the mathe- 
matical relations developed by Otter which are concerned with the amitotic 
distribution of autocatalytic particles at cell division is considered. Finally, 
certain aspects of the problem of the mutation of cytoplasmic factors are dis- 
cussed. 
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ASCIATIONS are characterized by an increase in weight and volume of 

plant tissue and by lack of organized regularity in growth as contrasted 
with the normal individuals of the same variety or species. As a result, the 
normal growing point ceases to be a point, but expands into a comb-like struc- 
ture, often several inches or even feet in width. This definition is primarily 
based on the morphological classifications of 19th century biologists (DEVRIES 
1894; Gorpon 1871-72; Masters 1869; MoLiiarD 1897; Moquin-TANDON 
1841) and on the more recent investigations of WuiITE, 1916, 1945; Knox, 
1908; Hus, 1906; and MacArtuour, 1926. 

The data taken during this investigation lend themselves well to tabulation 
and have been included for reference. Since marked variability is the rule in 
the degree of expression of fasciation, such data will permit critical evaluation 
of the conclusions drawn. 


THE PROBLEM AND THE LITERATURE 


One of the most striking effects of fasciation in the tomato is the increase in 
number of locules in the fruit, so that any investigation of fasciation neces- 
sarily involves the study of locule number inheritance. A preliminary survey 
of the literature shows that locule number, shape and size are closely associated. 
Since shape is certainly a character which has been subject to selection in the 
course of domestication, varieties are therefore likely to be very different in 
their shape genotypes (minor as well as major). Therefore, shape character- 
istics should also be recorded as far as possible. 

In this investigation the genetic symbols have been taken from those of 
previous workers. The gene symbol for locule number is Lc (few) and Ic (many) 
locules. For shape, o (oval) is used to indicate polar diameter 1.2 or more times 
the equatorial diameter, O (round) for a ratio of 0.95-1.2, and O’ (oblate) for 
a ratio less than 0.95. 

The following known gene pairs are involved in this study: 


D, d standard-dwarf plants (YEAGER) 
S, s simple-compound flower cluster (YEAGER) 
O, o oblate-oval fruits (YEAGER) 
F, f smooth-fasciated fruit (MacArtTHuR) 
A, a purple-green stem (MacArtTHurR) 
Lf, lf leafy-nonleafy inflorescence (MacArTHUR) 
G, g smooth-grooved fruits (Powers) 


1 Present address: Department of Horticulture, Oregon State College, Corvallis, Oregon. 
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In the literature, the papers by YEAGER (1937) and Powers (1939), give 
the most significant data on locules and shape inheritance. Linkage data, par- 
ticularly those of MacARTHUR, show that two genes, located on chromosomes 
one and five respectively, affect locule number or shape. YEAGER, dealing with 
chromosome one segregations, concludes that locule number and shape are 
determined by two separate pairs of genes, but his evidence is not conclusive 
in this respect. Powers infers that he also is dealing with chromosome one 
segregation, and likewise supports the view that shape and locule numbers.are 
determined by different genes, but the evidence is not conclusive in this case 
either. Further, it is suggested that he was really dealing in a chromosome five 
segregation. 

MacArtuour (1934) has shown that the recessive gene responsible for fascia- 
tion (f) is located on chromosome five which also carries genes for red-green 
stem (A, a) and leaf inflorescence (Lf, If). Powrrs (1939) has published an 
analysis of locule number inheritance in a cross between L. esculentum strain 
Johannisfeuer and L. pimpinellifolium (Red Currant). From his data it would 
appear that the locule number segregation is determined by a main gene on 
chromosome one. Powers found a strong correlation between oblate fruit and 
high locule number. 

A prominent place among early attempts to advance our understanding of 
the genetics and cytology of fasciation is due WHITE (1913-1916 and 1945). 
He presents the first analysis of the phenomena stated in the terms of modern 
genetics. WHITE particularly emphasizes the part environment as well as 
heredity plays in the production of this character in plants. A comprehensive 
review of the literature pertaining to the genetics, cytology and morphology 
of fasciation has been compiled by WHITE (1913, 1916, 1945, and 1948). 

WarREN’s depth-fasciation hypothesis (1924) is of historical interest only. 
LinpstRoM (1927) disposes of WARREN’s work by pointing out that WARREN’S 
hypothesis of complementary action of two pairs of shape factors is not in 
agreement with the multiple allelic system for the oblate-round-ovate series 
of fruit shapes. Careful scrutiny of WARREN’s experimental data fails to pro- 
vide convincing proof of his hypothesis. The complementary factorial hy- 
pothesis for fruit shape accordingly rests on an insecure basis. ; 

MACARTHoR (1944) recognized several rather distinct types of fasciation: 

1. Old “Trophy” type. Very flat, or concave with 12-20 locules. 

2. “Turban” types. With one or a few central locules and a rim of peripheral 
locules. 

3. Ordinary “fasciated” as in “Ponderosa,” unimproved “Earliana,” and 
most flat fruited varieties. 

4. Fasciated as in “Rouge Nain Hative” (Early Dwarf Red) (with fewer 
locules). 

5. Fasciated stem and extreme fasciation of fruit and stem, stem ribbon-like, 
obviously composed of three or more stems laterally fused. Fruits often 
obviously composed of two or three fruits joined into one misshapen con- 
cave mass. 
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6. The first flower of an inflorescence is often in fasciated varieties the most 

extremely fasciated and like a “King flower.” 

7. Some commercial varieties are dimorphic (Heterozygous Ff Gg) for fasci- 

ated (six to 12 locules) and smooth (two to three locules) as in “Tangerine.” 

MacArtTuovr thinks that his fasciation gene (f) is present in all the above 
cases. He has never tried to determine whether there are a series of multiple 
alleles for the (f) locus or multiple factors modifying it, or the locule gene /c in 
chromosome one. 

FRIMMEL (1922) early recognized fasciation in tomatoes. He states that size 
of fruit is a complex character depending upon number of carpels per fruit and 
size of individual carpels. In his opinion, fasciation, which is necessary for large 
fruits, appears to be recessive. 

HOovGHTALING (1935) in an analysis of size and shape of tomato fruits ob- 
serves that highly fasciated (multicarpellate) types tend to be both flatter and 
also larger than bicarpellate types. She found the correlation between size ard 
shape to be .3402+.0972 while that between size and number of carpels is 
-7655+.0701. This latter relationship seems to be a mechanical one, for the 
fasciated types start from a broader meristematic platform. 


MATERIALS AND METHODS 


The material upon which this study is based was obtained from genetic 
stocks from a number of geneticists as well as from commercial seedsmen. 
Valuable races of fasciated strains were obtained from H. L. BLoop, J. W. 
LESLEY, J. W. MacArtuour, Davip WuitE, O. E. Wuite, and A. F. YEAGER. 
To all of these contributors the writer wishes to express thanks. The Lyco- 
persicon genus is especially favorable for genetic analyses due to ease of grow- 
ing, abundance of progeny, degree of homozygosity and term of growth. Varie- 
ties and species in this genus are often fertile inter se, thus facilitating inter- 
specific investigations. 

During the summer of 1944 125 varieties and strains of L. esculentum were 
planted, with four replications each, at THE BLANDY EXPERIMENTAL Farm, 
Boyce, Virginia, and data were recorded for each. All data were submitted to 
an analysis of variance for significance, and were published by ZIELINSKI 
(1945). An attempt was made to assemble most of the known many-loculed 
and likewise the few-loculed types. Crosses were made between 15 fasciated 
seed parents and ten nonfasciated pollen parents, in all possible combinations, 
excluding reciprocals. 

Seed of the F; generation were sown in THE BLANDY EXPERIMENTAL FARM 
greenhouse April 3 and 4, 1945. Approximately 60 plants of each cross were 
grown in flats and set in a relatively uniform field May 22 and 23, 1945. Only 
30 plants were grown of a few crosses due to insufficient hybrid seed. 


DESCRIPTION OF FASCIATION IN PATERNAL AND MATERNAL 
VARIETIES AND SPECIES USED 


Observations on tomatoes reveal that the main stem axis and all flower parts 
may be intensely modified. The apex of the stem becomes distorted, flattened 
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and disorganized (figs. 1, 2, 9). As many as 215 locules have been observed in 
a single fasciated fruit of the variety Beefsteak. Such monstrous fruits when 
mature may contain up to 250 seeds, as contrasted with approximately 40 seeds 
in the normal two-loculed fruits of Red Cherry. The peduncle in these fasciated 
forms may have as many as 120 vascular bundles, while the normal] types such 
as Red Currant and Red Cherry possess five. 

Infinite variation in flower structure abnormality exists in fasciated varie- 
ties. The flowers are often split or dialytic. This condition was most prevalent 
on the variety Triple-L-Crop. Sepals varied in number from a normal of 5 toa 
maximum 81 (fig. 7). Often the sepals were yellowish colored either at the tip 
or for a portion of the entire sepal blade (calycanthemy). Various modifications 
in the number and arrangement of the floral whorls were evident. Calyx and 
corolla whorls were found existing in one, two or four series with many inter- 
grades. The whorls frequently appeared to be intimately fused, sepals and 
petals being recognized only with difficulty. Occasionally sepals or petals were 
entirely absent. Not infrequently two flowers were found combined and en- 
closed in a continuous calyx (adhesion). Likewise flowers consisting of only a 
corolla (or calyx) and a few stamens, growing on the side of and combined with 
the main corolla (synanthy), were found. Multiplication of whorls (pleiotaxy) 
involving entire systems occurred. Also polyphylly—or multiplication of num- 
ber of parts per whorl—was commonly observed (figs. 3, 7). Similarly poly- 
phylly of the androecium was usual. Filaments appeared to be fused to each 
other (cohesion) and to the walls of corolla and calyx (adhesion). Anther sacs 
were split into two, three, or four segments or intimately combined. Aborted, 
shrunken and dwarfed anther sacs were not unusual. In certain instances pro- 
liferation had progressed to the point where it was impossible to distinguish 
between filament and anther sac. Abortion of pollen (contabescence) was found 
repeatedly. 

The pistil in some instances.was wholly or partially incapable of functioning, 
owing to various forms of distortion, including gross proliferation, marked 
staminody, pleiotaxy, and meiophylly of style and ovary (locules). Ovary- 
locules were so crowded at times, owing to polyphylly, that they were abortive 








Pirate I 
Explanation of figures. 

FicureE 1. MacArthur selection No. 5—strap-shaped apical fasciated stem. 
Ficure 2. Variety Beefsteak—pronounced grooving and ribbing of stem. 
Ficure 3. Fasciated fruit of Beefsteak showing twin row of locules. (44 locules). 
Ficure 4. Variety Brimmer—gross distortion and displacement of locules. (38 locules). 
Ficure 5. Baldwin II (Brazil)—proliferation of floral whorls. 

Ficure 6. Triple-L-Crop—recurved pedicel accompanied by 
malformed floral structures. 

Ficure 7. Cal-1—stem curvature and multiple sepals. 
Ficure 8. Variety Beefsteak—restricted development of fasciated 
terminal inflorescence. 
Ficure 9. Variety Stone—flattened terminal stem with grooving and lateral 
expansion of stem. 
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and rudimentary, resulting in a much distorted fruit (figs. 3, 4). From one to 
seven pistils (pleiotaxy) were often present in the same flower, sometimes all 
capable of functioning; in other cases all but one, or sometimes all, abortive. 
Sterility was present and such specimens failed at anthesis. In the majority of 
cases, however, examination of a mature fruit demonstrated fertility to be 
almost perfect. The gynoeciums in general seem to be the most altered and 
the calyx the least so. 

The stems, peduncle and pedicel were notably distorted. However, this con- 
dition is achieved through a gradual progression from a normal seedling to the 
fasciated more mature plant. The young plants possess normal phyllotaxy, 
contour and lineation. It is not until the plants reach about six to eight inches 
in height (for most varieties) that disarrangement begins to be noticeable 
(fig. 9). The stem width increases in extent and the leaves in number as the 
plant approaches sexual maturity. Extremely fasciated varieties usually first 
set a highly fasciated terminal flower (figs. 7, 8). Occasionally such flowers set 
fruit and develop monstrous specimens (figs. 3, 4). More frequently, the termi- 
nal flower aborts and eventually abscisses or becomes desiccated. Occasionally 
terminal flowers apparently become fasciated earlier in their ontogeny than 
usual and even fail to differentiate into a recognizable floral pattern. This is 
interesting for it illustrates one of the extreme modifications of floral patterns 
achieved through intense precocious fasciation. This situation, furthermore, is 
peculiar in that this highly fasciated terminal first flower is borne upon a 
broadly flattened fasciated pedicel and peduncle. The flower is characteristi- 
cally arched, forming a complete recurvature to the supporting pedicel (fig. 6). 
The peduncle frequently bears numerous other flowers, located on a very ir- 
regular phyliotaxic plan, that are apparently normal. These possess plump 
anther sacs filled with abundant very immature pollen grains (meiosis is suc- 
cessful) and apparently normal pistils. Often ten to 14 such flowers will be 
found having normal pedicles on a single fasciated peduncle. Such flowers, 
however, do not develop further due, presumably, to vascular difficulties in- 
volved in the fasciated peduncle. 

The stem of a mature plant has a cylindrical base, which gradually widens, 
developing the characteristic flat, ribbon-like, fasciated condition. When fasci- 
ations in the stem are pronounced or extreme, a distinct grooving and ribbing 
of vascular strands is clearly evident. Stems vary, for example, from a normal 
width of 5/16ths of an inch to 7/8ths of an inch. Generally, such lateral expan- 
sion is accompanied by a corresponding decrease in stem thickness although the 
extent of this is only partially compensatory. The stem is generally straight, 
occasionally being slightly curved due to irregularities in growth (figs. 7, 9). It 
is characteristically unbranched even when a length of as much as eight inches 
is involved. This curious behavior adds to the grotesqueness of the plant in the 
field. 

The fasciated tomato fruits are highly variable, even among the members 
resulting from a given inflorescence. There is a striking tendency for fasciated 
fruits to be associated with oblateness, that is, markedly flattened or depressed 
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at the poles. However, the variety Oxheart is a conspicuous exception, there 
being seemingly a somewhat looser relation here between locule number and 
fruit shape. The author has noted many of the types described by MACARTHUR 
(1944). Conspicuous among fasciated patterns is that of the “Trophy” type, 
wherein the fruit becomes very flat, markedly compressed at the stem attach- 
ment point, and may possess from ten to twenty locules. The so-called “Tur- 
ban” type is characteristic for the varieties White Beauty, Triple-L-Crop, and 
Baldwin II. A commercial variety of lesser importance, possessing such char- 
acteristics, has the name “Turk’s Turban.” Such fruits have three or four 
central protruding locules with a rim of peripheral locules—representing in 


Average number of floral parts per whorl above normal number for 
genus, for 100 flowers of each tomato variety, July, 1944 
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Italian Canner 
Red Plum 
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the tomato a shape comparable to the turban type squash. Another fasciated 
type represented in this study is the “Beefsteak” type, found in varieties such 
as Ponderosa, Brimmer, Beefsteak, Santa Clara Canner, Cal-1, and Cal-2. The 
fruits are large to extremely large. They are usually rather flat but fairly deep 
and often oval in transverse cross section. They are sometimes smooth but 
more often corrugated with a deep stem-end scar and a pronounced blossom- 
end scar and depression. Frequently the fruits are lobed and doubled. The 
outer walls and partition walls are very thick. The locules are numerous (12- 
20) and irregular and are well filled with pulp, containing many to few seeds. 
The central mass is very large, firm and fleshy. Occasionally this type prolifer- 
ates extensively yielding fruits of monstrous appearance (figs. 3, 4). 

While taking notes on arrangements of floral structure the question of ac- 
curately scoring fasciations arose. In order to determine the consistency of 
relationships among the floral whorls data were collected on individual whorls 
for comparison. The results for thirty varieties are shown in table 1. By inspec- 
tion of table 1 the average number of parts per floral whorl in the fasciated 
types is seen to be a progressive increase as one advances from the outer 
toward the innermost floral whorl. The data are given as the average number 
of floral parts per whorl above that considered normal (5-5-5-2) by the author 
for the genus. Hence, in order to represent actual conditions the sepal numbers 
should be increased by five, petal numbers by five, stamen numbers by five, 
and locule numbers by two. The data as listed, however, are on a comparable 
basis and the calyx is thus seen to be the least, and the gynoecium the most, 


TABLE 2 


Average locule number of 36 tomato varieties grown at The Blandy 
Experimental Farm, July, 1944. 


VARIETY —— VARIETY or 
NUMBER NUMBER 
1. Red Currant 2.03 19. Pritchard 5.74 
2. Italian Canner 2.03 20. Matchless 7.66 
3. Red Pear 2.05 21. Break O’ Day 7.68 
4. Yellow Cherry 2.06 22. Bison 8.98 
5. Red Plum 2.10 23. Prodigious 10.05 
6. Sugar 2.12 24. White Beauty 10.18 
7. Yellow Pear 2.21 25. Oxheart 10.76 
8. Baldwin I rae | 26. Ponderosa 11.40 
9. Red Peach 2.49 27. Beefsteak 11.74 
10. Yellow Peach 2.50 28. Triple-L-Crop 12.42 
11. Truckers’ Delight 3.85 29. Brimmer 12.99 
12. Summerset 4.32 30. Colossal 13.61 
13. Stokesdale 4.53 31. Stone 13.74 
14. Marglobe 4.81 32. Baldwin II 14.58 
15. Orange King 5.41 33. Cal-2 15.33 
16. Golden Queen 5.58 34. Santa Clara Canner 15.90 
17. Rutgers 5.61 35. Trophy 15.98 
18. Earliest and Best 5: 


67 36. Cal-1 16.05 
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affected. There is a progressive increase in expression of abnormality as one 
examines first the sepals, then petals, then stamens and finally the locules. As 
WuiteE (1916) pointed out, this progression in the manifestation of abnormal 
condition is in accordance with the observations on other parts of the plant, 
for example stem structure. 

During the summer of 1944 seeds of 125 varieties and selections were sown 
in the greenhouse. Thirty plants of each were grown and transplanted to a 
relatively uniform field during the second week in May. Observations during 
this season were aimed at (a) establishing the extent of fasciation occurring in 
commercial varieties by measuring locule number of transversely halved fruits, 
(b) to observe whether or not segregation was occurring among individuals of a 
population of a commercial variety, and (c) to measure the effect of seasonal 
influence on the degree of fasciation. Jn addition, pollinations involving 6842 
flowers were made. Observations were made during each of the months of July, 
August and September. This period was especially dry, and thus the fullest 
expression of the fasciation genes may not have been obtained. However, en- 
vironmental conditions were similar for all varieties involved. The varieties 
studied, the majority of which were commercial varieties, exhibited a wide 
range in mean locule number, from two to as many as 14 or 16 (table 2). 


Summarized frequency distributions of locule numbers are arranged in tables 
3 and 4. The mean monthly values cited are based on observations on ten 
flowers on each of ten plants of each variety. There was a striking trend toward 
lower locule number as the season advanced. This was exhibited in every one 
of the varieties grown; even in the case of the three varieties (Oxheart, Brim- 
mer and Stone) in which readings for August were slightly higher than those 
for July. There was a very marked decrease in locule number in September. 
Analysis of variance indicated that the difference in mean locule number be- 
tween months within a variety, as were those between varieties, was highly 
significant. The end-of-season effect was most pronounced in the extremely 
fasciated varieties; this was clearly brought out by a highly significant inter- 
action between varieties and months. 

A preliminary examination of the data gave no evidence of segregation for 
locule number between plants within a variety. Analyses of variance were 
calculated for three of the more highly fasciated varieties, in which segregation 
might be expected to be more easily detected than in low locule-number varie- 
ties. 

There were no significant differences between plants within these three high 
locule-number varieties. Within the limitations imposed by the restriction of 
observations to ten plants in each variety, it may therefore be concluded, that 
each of the horticultural varieties included in this study is characterized by a 
fairly uniform genotype in respect to the fasciation character. In striking con- 
trast, however, are the very significant differences between months. It is evi- 
dent that in the study of the inheritance of fasciation the influence of the 
environment is very important. In no cases were plants found producing only 
normal two-loculed fruits. 








Lae) 
— 
* 


FASCIATION IN LYCOPERSICON 

















O1'Z Ol 06 "ydag 

ze °Z t S26 ‘any 

8e°Z © ge $9 “inf 
vag MO[[IA 

$0°Z $ $6  ‘3dag 

L7'Z 1 t% SL ‘any 

ze°Z zw 89 ‘inf 

ae3ng 

90°Z 9 %6 ‘Idas 

ZZ I OL 68 ‘Bny 

v2 oe ‘Inf 
wnid pay 

*ydas 

“Bny 

90°Z ; b % ‘Inf 
Alloy) MO[]IX 

Z0°Z Z 86 *ydag 

Z0°Z Z 86 ‘sny 

+0°Z b 6 ‘nf 
189d paw 

00°Z 0OT ‘3dag 

S0°Z S$ $6 ‘sny 

$0°Z S$ $6 ‘tof 
Jouue,) uel[e}” 

10°Z T 66 "ydag 

40°72 t 96 ‘any 

$0°Z S$ 96 ‘inf 
yueliny per 

NVan a 26 OF St. 00 SC 2S IS a a ST LE SH eT a Ok ee EO Se ee eS ‘On 


aaaANON ZINIOT 














"PhO *Sauarsva ofpumoy pojuasndg x1s-K441yy fo yova ut 
sjunjg uay mos spnaf{ QQ] uo Ssaquinu ajnro7 fo uoyngrysip Kouanbaaf paziapuuny 


¢ ATaV], 





68°S , £ > Of Se 68 5) ‘ydag 
69°9 co 3 Tb Som foe a any 
$9°9 I c Sf OF Gt O--r 11 inf 
Bury esurig 
VIF i-*t- Of 2 2 idag 
16°F | 2 8. Fie ot ‘sny 
se"s I a v OF Ofc 12 5 ‘Inf 
aqo[ sie yy 
eg . 2k Fon ee ee "ydag 
08 [ £ © ‘FS oie Sia “any 
16% a LU HOt oe ‘Inf 
a[BpsayxoyS 
7 oL°¢ [ & tf 6. oo <¢ ydag 
n el’? to4 2.) St he a 4 any 
4 IS 't a Z OF ff Sk SI Z ‘inf 
— JISIOWUIUING 
= Lhe el lz # 9 dag 
N 96°¢ Tis Hwee 4 any 
ra Zl’? Ce + 6 Oe inf 
y WSIIq S19yon1y, 
= Liz CS 6.28 oF ydag 
5 O1'¢ 8 8I OS #7 any 
iy 1) 1 62 6F IZ inf 
=) YoVag MOT[IA 
o LE*Z tt 2 2 a idag 
98°Z [ Tt VT ee ‘Say 
68°72 I ZI Ls OF ‘inf 
yovag pry 
80°Z 8 72 "ydag 
9¢°Z €¢ o¢ 19 ‘Sny 
6£°Z zZ $9 €9 inf 
] UlmMpleg 
NVA 8¢ L6 9% ST HE EZ WZ IZ OF GI BI LI OL ST HI EL ZI It OF 6 8 £9 S$ & ECO ‘On 


4aaWON ATAOOT 


(panusiuor)—¢ aTavy, 


414 








415 


FASCIATION IN LYCOPERSICON 











1L'8 I I 2.8 ¢ ££ 2 & Charest eI "ydag 
18 OI tT. ce. + 6 + St a ne et 8 ‘any 
16°01 9¢-T f.-s I [-£ 2 © -9 Oo Fos Ss ¢ "inf 
Ayneag oy 
20°6 I I t ££ & Oo Sa OF ei tts CS Yass 
62°01 I € [to 2 68 hE Om Hs F ‘sny 
98°01 ae I I Z I ¢ € Of oF 2a 6 € "inf 
Snolsipolg 
19° rit 3s. © Bie 2 ae ee ae 8 "ydag 
£9°6 Z ct $ 6 WU MU et he ‘any 
1L°6 Zt. t F ES OF OO at Hh 9 "Inf 
uosig7 
os*9 I i -£ cS © @2 2 ets *ydag 
10°8 ; ee = ¢ ¢ ££ OS 2 as tt ‘any 
Srl ' Lb £ CO ee ee eee et "Inf 
Aeq .O 4eaug 
8h°9 c } + & Bear eee. 2s *ydag 
LLL ces OS 2 a eS ee ‘any 
SL’8 I zt @ 6 RS a Se "Inf 
SSo[ Go} ey 
1e's S Oat ¢ "ydag 
18°S ¢ & © @b-3e 42. ."e ‘sny 
$6'S cS 3 2 i oe # "inf 
preyoiiig 
Itt . @. 2b ot.26 32-2 "ydag 
LL’S ae: 7, Oo © HR oe ‘any 
+8°9 Il OF #1 7 6 €1 9 § “Inf 
3Sagq -JSol[sey 
L0°S i ¢ 3 ae-38 a *ydag 
sus | t S 3 Oe fe eS tS ‘any 
z0'9 I c @ OT Se TE GE eZ “inf 
$193} Ny 
76°F I c 9, Sh. SE Se. Tt *ydag 
$8°s b+ & %@Z 6% 8% OL € ‘any 
86'S c a 2-2 See 4 "inf 
ugan?) uapjoy 
NVaW Oe-ar 20. OL Sl Ml tt I OO I OSI AOE SIM CI ho é Oe 4S 8 Ss et US ‘On 


YaAGWNON ATNOOT 











(panuyuor)—¢ ATAV 

















S0'9T I ; t- 2%. O & Pee AES Se el Ut Oe Oo a ‘Inf 
‘TRO 

86°ST I I c t. S$ Gr here 2 tt aS oS Z "inf 
Aydo1y, 

06°ST BF I > © 2 4-@ °° s. Oa ot 6 Sh. E-e oe ee ‘inf 

JQUuUP,) eIe[D ByUeS 

ge°St & 2 tt Bea et SOLOS oC Ue eS "inf 
‘ZO 

8S FI I 2 £°S 2 §. Fee Ct Or oi ee -s ‘af 
IT urapleg 

€1:6 ce. Oe £ tt ee 2 See dag 

90°9T Foe UR OE DDD Se Te Ee eS Se Boe ee ‘any 

S0'9T I t 7 £ BS 2 6 1) Se ea Oe Sf Fe ee ‘nf 
auoys 

88° OI Se-I I EF : 2. 2% © 6 BF i Bea ee SG "ydag 

wZ Sb FI 67-2 eS &- fh es — a) oa oa) Sa) oe ae ee eee ‘sny 

n SPST i -£ re ae ae ee ee ae i ae A a. “inf 

4 [eBssojor) 

4 PEO ce i ek Ee kk 6} Bt SS Ree SS eS "ydag 

=) LS'bt = ‘ze ‘OF I . Zt £9 8 3 Be es eS & Ss ‘sny 

“ LO°F1 ‘67-1 ; ££ 8 at ane 6 BS 3 ‘inf 

foe] JOU gg 

y 76'6 ti fe te € 2S Ore et "ydag 

ei 8L°ZI I i.¢ © t 8A 2 Rk 6 OR R-e S e ‘sny 

7 LS*PI a | I ¢ ££ & S ee LS ee Se ei "inf 

fz} doig-J-a[duy, 

S SL°6 ee li tc £€ tt & ene aan *ydag 
66°11 I tt * 6  ‘t°S. 42 Hh OS See ‘any 
or £1 I I Z Z a.) & Bo ht het. 8 2 a “inf 

yeoysjoog 
T¢€‘OT I Z co UE CCG Hes oe ES 4 *ydag 
08°11 tr-I I I zy ct PR BS @& 6H im se. s ‘any 
Ol'ZI I I I I e 2 9 St OW 0&6 WO ¢ I “inf 
esolapuod 
87'6 I I i 2 €¢ 22 & & aH oe oe es *ydag 
88°11 ae oe £o oe £. ee we Se eS Se eS ‘any 
a I , t @.t 8 8 a2 he 6 Se RS “inf 
yvayXO 
NVaW 68 Gt 1 OS St ME OS ee HS Se St SL tS OF. St te Ott at tt OF 6 Ft tr é¢ € & FS ‘On 
oO WAGWAN AINIOT 
Ss eee 








(panu1juod)—¢ aATaV 








™~ 
— 
7 


FASCIATION IN LYCOPERSICON 


























mh Se 9° IZ gI esses occ * so4ay 
[Teug A1aA Ol Lz *' sss Z — ae * syqyUOpy 
S00 O1'Z 9° OF : 6 V6le ot suet 
[e@ssojog a AjoueA 
one. — (ama' 8T b 617 ** IOI 
[[@Wig AoA 06° bP 9° LPS 4 Z'S60T sqUuOW 
s0°0 99°T 7°07 P 6 Sree 7 7 eS ee Syueld 
doiy~T-9[dty, Z Ajoue, 
—_ “oa VL 8I An 32 | ** * LOLI 
[jeug A19A 08 FI 7° 601 Z S°8IZ ** “SqvUuOYy 
$0'0 Srl 6°01 6 Bees 4 ok ee ee syueid 
Aeq .O AeaAg | Ajoue, 
d ona 2 FONVIVA ie eatin saavads 40 WAS 
ae aountsv A fo siskpou y 40f J2D4jxq >. 
88° OT I ; 3 C8 eS OS oh. SES SE ee Se ydag 
8h FI T . e 2 8: Gs S et 2 2F- Bt wes SU SS I ‘any 
8P'ST Z t 6 T i a a ee: ee oe a i ee See a a “inf 
[essolod ¢ AjoLIeA 
76°6 : tae 8 ££ eB SE -S S e. Hee eS S "ydag 
81°71 T T . ££ & & cas . £-  & OF ae. & 8 ee ‘any 
LS°tI re ft fT I SS € 3.5 2 2.2 oS ae a Oe ULE Ue ‘Inf 
doiy-T-2[duy Zz Ajaue, 
os'9 T .) te a a, ae: ee! ae: ae *ydag 
L0°8 ce -€ rT S|  { BS ha as 4 T ‘any 
8h'8 ee | tf © @ 20 oe ee es Se (CF “inf 
Aeq .O 4eAg [ Ajaue, 
Nvan i a a a a Se SS es es es A ee ‘On 


YaaqWNON ATNOOT 











"pho *Satjatava payoraspf Kyy3ty aa4yy fo yova ur syunjg 


uay most syinaf QQT uo Ssaqunu ajnr0] fo uorgngrysip Kouanbas{ paztavMmung 


p aTavyE 








418 QUENTIN B. ZIELINSKI 


The hybridization program included the maximum possible number (150) 
of intervarietal and interspecific crosses between the 15 fasciated and ten 
nonfasciated two-loculed types, using the nonfasciated varieties as pollen 
parents and medium to high fasciated varieties as maternal or seed parents. 
This arrangement was followed for convenience. Abundant pollen was always 
assured in the anther sacs of nonfasciated varieties. This was not true for the 
fasciated varieties, but the latter generally possessed a much greater stigmatic 
area for pollenizing and emasculation was much less a problem. Of the 6842 
pollinations, 621 were successful, a total of 9 percent. The pollen parent giving 
the highest percent of sets among the 150 combinations was Red Pear, setting 
12 percent of the pollinations. Among the seed parents Santa Clara Canner 
ranked highest, 12.4 percent, in fruit set. The cross Santa Clara Canner X Sugar 
gave the highest set (13 percent). What significance if any may be attached to 
these observations is not now very evident. 


DESCRIPTION OF F, GENERATION 


Observations during the 1945 season were aimed principally at (1) measuring 
fruit locule number and (2) fruit size. In addition, ten flowers were selfed for 
each F, family. Data were recorded between August 15 and September 1. 
Growing conditions during the summer of 1945 were especially favorable for 
the maximum expression of the fasciation character. Rainfall was abundant 
and warm growing weather prevailed. Locule numbers were determined by 
transversely cutting fruits of various degrees of maturity ranging from those 
shortly after blossom fall to fully ripened fruits. It was noted that with a 
careful examination a high degree of accuracy could be obtained even from 
very immature fruits. Data were taken on a population of 150 fruits selected 
at random from the 60 (30 in a few cases) hybrid plants of each cross. These 
were sectioned in the field and notes made immediately. Fruit size and shape 
were determined by methods of YEAGER (1937) and LEsLEy (1927). Polar 
and equatorial diameter measurements were made with calipers expressed as 
a ratio for parental and hybrid populations. 


Equatorial diameter 





- = Shape Index. 
Polar diameter 


Summarized data for locule numbers are given in table 5. This table is ar- 
ranged to indicate values for pollen and seed parents, and their F; averages. 
F, ratios and F, spread or range data are given in table 7. Parental: F; ratios 


were calculated by comparing the two parental values with that of their hy- 
brid,! as shown in the following example: 


Marglobe 9............... 4.80 locules 
Red Currant o’............ 2.03 locules 
Difference................. 2.77 locules .47+2.77=17% 
Ratio of F, to 9 and parents 
iki vitelc irae 5 sishradcidets 2.50 locules 
ee 2.03 locules 


| es ne -47 locule 
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REDCURRANT — F, MARGLOBE 
203 25 48 





17% OF SPREAD BETWEEN PARENT 


This ratio (.17) may be interpreted as an effect of superimposing Red Currant 
upon Marglobe, resulting in a shift of the F; locule number of 17 percent from 
that of the pollen parent toward that of the seed parent. These pooled pollen 
parent F, ratios are graphed for convenience in table 7, while conversely, pooled 
seed parent F; ratios are given in table 8. Data showing the spread or range of 
the F, distribution are given in table 6. These are calculated as the difference 
between the high and low locule numbered fruits from 150 specimens of each 
cross. 
TABLE 5 


Summary of locule number data for parental and F, tomato progenies, indicating parental 
averages and F, averages for 150 fruits of each cross. 


























RED ITALIAN YEL- YEL- YEL- | F, 
POLLEN RED RED BALD- RED | 
_ CUR-  CAN- . LOW SUGAR LOW Low | 
PARENTS PEAR PLUM WIN I PEACH 

RANT NER CHERRY PEAR PEACH 

Seed Parents 2.03 2.03 2.05 2.06 2.10 2.21 2.26 2.27 2.69 2.99 AVE 
oe = 
Marglobe 4.8 | 2.5 3.1 3.2 3.2 3.6 2.5 3.3 3.6 $.4 3.8 3.39 
Pritchard 5.3 2.6 3.4 3.6 3.3 3.8 2.7 3.6 3.4 4.7 4.8 3.59 
Bison 9.0 2.5 3.4 3.3 3.2 4.3 2.4 3.3 3.3 3.6 4.3 3.38 
White Beauty 10.18 3.6 3.7 3.6 3.2 3.3 3.2 3.5 3.2 4.8 4.9 3.7 
Oxheart 10.8 | 3.0 3.7 3.8 3.3 4.2 A 3.7 $.9 3.6 4.3 3.66 
Ponderosa 11.4 ye 3.9 4.1 3.8 4.3 3.1 3.8 3.4 4.7 sua 3.84 
Beefsteak 1.2: | 3.7 3.9 3.7 3.4 4.7 $.1 3.3 3.6 4.2 $.2 3.8 
Triple-L-C. 2.6 i 2.3 3.7 a7 3.5 3.5 2.8 2.6 3.6 3.7 4.1 3.4 
Brimmer 13.0 | 2.9 3.9 4.1 3.8 4.8 3.2 3.3 4.3 3.2 5.2 3.8 
Colossal 13.6 | 2.5 3.9 $.$ 3.4 4.1 3.2 3.6 $.7 3.8 4.0 3.5 
Baldwin IT 14.6 2.6 3.4 3.4 3.4 3.6 3.1 3.5 3.7 3.8 3.5 3.4 
Cal-2 15.3 2.8 3.8 3.9 4.1 4.5 3.4 3.5 3.8 4.9 $.2 4.0 
Santa Clara C. 15.9 | 3.0 3.9 3.8 3.3 4.4 3.3 $.5 3.7 4.6 4.5 3.8 
Trophy 16.0 2.8 3.4 3.9 3.3 4.2 3.3 3.6 4.0 4.6 5.0 3.7 
Cal-1 16.0 | 2.9 3.8 4.2 3.5 4.9 4.4 3.9 3.8 4.0 3.8 3.9 
F, Averages  & 3.7 3.7 3.4 4.2 3.1 3.$ 3.7 4.2 4.5 











| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


1 The-author wishes to acknowledge the contribution of Dr. D. B. DELury, Associate Statis- 
tician, VirGrIntA POLYTECHNIC INSTITUTE, in suggesting this expression of results. 


Examination of data in table 5 indicates that non-fasciation in tomatoes is 
partially dominant. The average F; locule number always exceeded the non- 
fasciated parent but never exceeded this parent in locule number by more than 
2.80 locules on the average (Red Plum (2.10) XCal-1 (16) (F, 4.9). The fasci- 
ated parents always exceeded their F; values except in the cross Marglobe 
X Red Peach. Table 5 also indicates that the closest F, locule number associa- 
tion was between Marglobe and its F, hybrids (3.39). Here this fasciated va- 
riety (4.8) exceeded the F; average by 1.41 locules. The widest locule number 
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TABLE 6 


Summary of locule number data for parental and F, tomato progenies, indicating parental-F, 
ratios and. F, spread for 150 fruits of each cross. 























RED ITALIAN RED YELLOW RED sucar YELLOW BALD- RED YELLOW | 
|CURRANT CANNER PEAR CHERRY PLUM ‘ PEAR WINI PEACH PEACH | AY 
Marglobe Ratio 17 .38 .04 41 55 ll .40 52 -14 -45 -42 
Spread .0 6.0 2.0 4.0 4.0 2.0 3.0 2.0 5.0 3.0 3.2 
Pritchard .15 oSd .04 .33 .47 .14 239 ood -65 -66 03S 
2.0 3.0 3.0 4.0 5.0 2.0 4.0 4.0 5.0 5.0 3.7 
Bison .07 19 .18 .16 .32 .03 .30 .18 .14 .22 .18 
3.0 3.0 3.0 3.0 5.0 3.0 3.0 3.0 3.0 5.0 3.4 
White Beauty .19 .20 31 .14 33 -12 .16 -12 .28 .27 .19 
2.0 3.0 4.0 2.0 4.0 3.0 2.0 3.0 5.0 5.0 3.3 
Oxheart ll .19 .20 .14 .24 mS | off .19 11 17 16 
3.0 2.0 4.0 2.0 5 1.0 3.0 4.0 5.0 3.0 3.2 
Ponderosa .07 .20 .22 .13 .24 10 16 .12 .23 .26 17 
2.0 2.0 5.0 4.0 5.0 3.0 4.0 3.0 5 7.0 4.0 
Beefsteak .07 .19 17 .38 27 .09 17 14 17 25 .19 
2.0 4.0 3.0 3.0 7.0 3.0 3.0 4.0 5.0 7.0 4.1 
Triple-L-Crop .05 -16 -15 .14 14 .06 .10 AS il -12 12 
2.0 6.0 3.0 4.0 3.0 3.0 4.0 3.0 3 6.0 3.7 
Brimmer .08 aaa .18 .16 .24 .09 .03 .19 .05 «ae .14 
2.0 6.0 3.0 3.0 6 4.0 3.0 5.0 5.0 7 4.4 
Colossal .04 .16 .12 -12 ne .09 .09 «13 .10 -10 il 
2.0 3.0 5.0 3.0 4.0 3.0 4.0 2.0 4.0 5 3.5 
Baldwin Il -05 -il i me «42 .07 il 18 .09 .04 .09 
1.0 3.0 3.0 4.0 5.0 3.0 3.0 4.0 3.0 3.0 3.2 
Cal-2 .06 43 13 my .18 .09 .09 ofa 17 17 13 
2.0 3.0 4.0 6 4.0 3.0 3.0 3.0 6.0 7.0 4.1 
Santa Clara .06 13 .12 .09 17 08 09 sa 14 17 11 
Canner 2.0 4.0 4.0 2.0 5.0 2.0 2.0 4.0 4.0 6.0 3.5 
Trophy .06 .09 .49 .09 «15 .08 .10 «43 -12 oi$ .14 
2.0 4.0 2.0 4.0 4.0 3.0 3.0 3.0 4.0 5.0 3 
Cal-1 -06 13 AS .10 .20 .16 12 ell -10 -06 289 
2.0 3.0 5.0 3.0 5.0 4.0 5 4 3 5.0 3.9 
Av. Parental—F, 
Ratio -085 . 186 17 .176 .24 .09 .16 -18 .29 .22 
Av. F, Spread 2.0 3.6 3.5 3.4 4.7 2.8 3.3 3.4 4.3 5.3 











association occurred between Cal-1 (fasciated) Xall nonfasciated varieties with 
a difference of 12.1 locules on the average. 

Red Currant (L. pimpinellifolium) and Sugar (L. esculentum) show the high- 
est degree of dominance among those selected as nonfasciated parents in this 
study (table 7). The varieties Red Peach and Yellow Peach, both possessing 
the highest locule number among the nonfasciated parents, also exhibit the 
least dominance. Between these two extremes no trend is observable, but it 
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TABLE 7 


Percent dominance modification of locule number for F, of non- 


fasciated (pollen parent) by fasciated (seed parent). 











NON-FASCIATED POLLEN PARENTS % 
1. Red Currant 8 
2. Italian Canner 18 
3. Red Pear 16 
4. Yellow Cherry 17 
5. Red Plum 25 
6. Sugar 9 
7. Yellow Pear 16 
8. Baldwin I 16 
9. Red Peach 18 

10 16 


. Yellow Peach 





may be noted that three rather definite groupings are to be seen. Two types, 
Red Currant and Sugar, gave less than ten percent dominance while Red 
Plum exhibited about 25 percent and the remaining varieties fall between 15 
and 20 percent. Inability to make further deductions may possibly be due to 
inherent experimental error or complex interaction. 

In table 8, it is evident that among the fasciated varieties most modified by 
the dominance of nonfasciation, Marglobe and Pritchard were strikingly af- 
fected, being 42 percent and 35 percent respectively. It is to be noted, too, 
that these varieties have the lowest locule number among the fasciated varie- 
ties. Least dominance modification (.09 percent) is shown by Baldwin IT (14.6 
locules). All highly fasciated varieties (Triple-L-Crop, Brimmer, Colossal, 


TABLE 8 


Percent dominance modification of locule number of F of fasciated 


(seed parents) by non-fasciated (pollen parents). 


FASCIATED SEED PARENTS 





CON AU Se WN 


. Marglobe 

. Pritchard 

. Bison 

. White Beauty 
. Oxheart 

. Ponderosa 

. Beefsteak 

. Triple-L-Crop 
. Brimmer 

. Colossal 

. Baldwin II 

. Cal-2 

. Santa Clara Canner 
. Trophy 

. Cal-1 
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Baldwin II, Cal-2, Santa Clara Canner, Trophy and Cal-1) were modified only 
slightly, indicating perhaps that in addition to one or two major genes, the 
highly fasciated varieties possess numerous modifying genes that determine 
the degree to which the character is expressed in fruits, flowers, and stems or 
on which polygenic systems are operative. 

A comparison of fruit shape for parental and F; progenies of the fasciated 
and nonfasciated varieties involved in this study are given in table 9. The 
parents have been arranged in order of increasing magnitude from the most 


TABLE 9 


Com parison of fruit shape for parental and F, progenies involving 
fasciated and non-fasciated varieties. 


equatorial diameter 
































Ratio of : = shape index 
polar diameter 
ITALIAN YEL- YEL- RED 3 YEL- 
can- ™™P pow : row "AY cur sucan "Pow | averace 
PEAR PLUM WINI PEACH 

NER PEAR CHERRY RANT PEACH 

40 61 63 64 85 .89 1.01 1.03 1.21 1.22 
Oxheart .80 Ss 8. OS aS Cm Se Se A ae ee 
Marglobe 1.40 MO 16 1 1S AD 1 US UT UA 1 i a 
Pritchard 1.41 1.33 1.20 1.26 1.58 1.30 1.33 1.06 1.24 1.58 1.55 | 1.34 
Ponderosa 1.87 1.31 1.08 2.200 1.48 1.2% 1.45 1.4 48.15 1.4 1.88 | 1.35 
Beefsteak 1.91 $2 1.38 1.29 1.44 1.38 1.26 1.0 1.06 1.44 1.33 1.26 
Brimmer 1 | 1.03 1.6 1.06 £.@ 8.95 6.53 O48 . 3.87 1.48 1.50 1.25 
W. Beauty 1.98 5 wee ae eS ee ae 1.00 1.07 1.00 1.07 1.30 
Triple-L.-C. 2.01 5 ae? et woe. oe oe oe ee ee 1.21 
Santa C.C. 2.23 . tH 1.0 LW 1D 3. 6 UT Ue CUCL 1.31 
Colossal 2.26 1.04 1.07 1.07 1.28 1.00 1.60 1.06 1.37 1.28 1.55 1.23 
Cal-2 2.43 1.33 0.0: 4.0 1.95 1.5 1.9 1.0 £5 1.5 1.61 1.28 
Cal-1 2.44 1.0 1.0 8:0F $36 1.26 1.3% 26 18 1.506 1. 1.23 
Baldwin IL 2.50 1.27 1.08 1.00 1.20 1.20 1.00 1.00 1.17 1.20 1.76 1.19 
Trophy 2.51 1.19 1.22 1.07 1.46 1.25 1.24 1.08 1.22 1.46 1.41 1.26 

1.13 1.31 1.22 1 1.30 1.50 


Average 1.16 1.16 .26 1.07 1.17 











ovate to the most oblate shape. Examination of the F; values gives no indica- 
tion of trends. In most instances the F; was more ovate than the fasciated 
parents and more oblate than the nonfasciated parents. A few exceptions to 
this generalization will be noted. Oxheart was notable for fruit shape among 
its progeny; strikingly uniform and always slightly ovate. Rather unusual too 
was the finding that F; progenies involving Ponderosa were the most oblate 
(1.35), yet Ponderosa is not more strikingly oblate than were some of the other 
parents. The most oblate nonfasciated variety, Yellow Peach (1.22), gave as 
expected the most oblate offspring (average of 1.50). The most ovate non- 
fasciated parent, Italian Canner (.40), yielded rather oblate offspring (1.16) in 
contrast to Red Currant (1.01) which gave F, progeny measuring 1.07. It 
might be postulated that such fruit-shape types as Oxheart, Pear and Plum 
may be determined by genes at several loci and there may be distinct domi- 
nant fruit lengthening genes, that is, genes which make the fruit more ovate. 
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DISCUSSION 


In order that the pertinent literature bearing on the problem of inheritance 
of fasciation, when analyzed in the light of the modern interpretation of the 
phenomena, can be correlated a review of the genetic evidence will be pre- 
sented. 

Fasciations in plants exhibit a series of phenomena, the more striking being 
increase in weight and volume and disorganization of regular growth patterns. 
As a result, growing points, whether they be roots, stems, flowers or fruits, 
expand into structures more complex than those characteristic for the taxo- 
nomic category. In Lycopersicon the main stem axis and all floral parts may 
be intensely modified. Cultivated tomatoes exhibit a wide range in locule num- 
ber, from two to 215 having been observed. Those forms with a higher locule 
number than that orthodox for the family are described as fasciated, especially 
so if the high number is associated with irregularity of outline of the fruit. 

There can be no doubt that at least two pairs of major genes, located on 
chromosomes 1 and 5 respectively, affec. locule number and shape, and it is 
important to distinguish between them because they may not represent identi- 
cal duplicates, but may differ markedly in potency. In fact, the records in the 
literature do support the supposition that only the gene on chromosome 5 
(MacARTHUR) is a true “fasciation” gene (implying multiplication of parts in 
entire floral systems) and it seems possible that this gene is recognizable by its 
effect in making the fruit contour irregular (so-called) rough versus smooth or 
regular. On the other hand, the gene on chromosome { appears to increase 
locule number from the basic two to three only as far as about five to eight, and 
does not markedly disturb fruit outline regularity. Yet it cannot be dismissed 
from consideration if locule number is to be the primary subject of scoring, 
especially in view of the possibility that this gene may, under certain genotypic 
conditions, be more extreme in its expression. Nevertheless, it is suggested that 
it will be a good working hypothesis to assume that the two major gene pairs 
can be distinguished by their effect on fruit irregularity. 


Chromosome 1 Genes 


YEAGER (1937) presents evidence that locule number is associated with 
weight and shape (breadth/length). There is a closer association between 
locule number and shape than with weight, and examination of partial corre- 
lations shows that shape and weight are really only associated because of their 
mutual association in locule number. YEAGER’s data, however, seem to indi- 
cate that the association between Lc and O is developmental (pleiotropic— 
that is, action of one gene on two characters simultaneously) and not caused 
by genetic linkage, since high locule number is associated with oblateness even 
where the parental association is the reverse of this (Progeny A in table 1 and 
Progeny G in table 3). YEAGER has overlooked the fact that, on his linkage 
interpretation, both of these crosses should have shown a negative rather 
than positive correlation between locule number and shape (coupling instead 
of repulsion). 
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YEAGER significantly points out that strain No. 15, although many-loculed, 
is round and pointed instead of oblate; and when crossed with oblate, few gave 
some ovals in F. From this he concludes that it really carries oval, that is, is a 
coupling combination instead of a repulsion combination, and that the shape 
effect of the oval gene is offset by the flattening effect of high locule number. 
But the phenotype of Strain No. 15 and the other results which he cites are 
better explained on the basis of an independent shape genotype, no doubt 
multifactorial, and superimposed on the main locule number-shape gene. 

YEAGER’s data indicate that in some crosses at least, low locule number 
(Lc) is highly dominant. His usage of the O symbols (shape), o—oval, O—round, 
and O’ oblate, implies, on the other hand, that the flatter types (oblate or 
round) with which the plurilocular condition is associated, are dominant over 
the longer (oval) type. Unfortunately, he does not give any data from which 
conclusions can be drawn. Data presented in table 5 lend support to YEAGER’s 
conclusion that low locule number (Zc) is highly dominant. However, it is 
shown that this is not invariably true. Data from this study indicate no cases 
of complete dominance for non-fasciation or low locule number. The average 
F; locule number always exceeded the value for the non-fasciated parent but 
never by more than 2.80 locules on the average. LINDSTROM (1937) presents 
some interesting data in this connection. The F2’s as depicted in his fig. 1, 
while showing that dominance is usually in a direction of oblateness, show also 
that dominance is susceptible to much modification. The following data from 
his table 10 are of considerable interest in showing almost complete reversal of 
prepotency. 





SHAPE INDEX 








OBLATE ROUND Fr 
PARENT PARENT ; 
Bonny Best X Yellow Cherry 1:38 1:09 ii 


Bonny Best X Yellow Peach 1:32 1:09 1:26 


Data presented in table 9 of the present paper while referring to F; progeny, 
strikingly demonstrate the general association of shape and locule number or 
fasciation. In most instances the F; was more ovate than the fasciated parents 
and more oblate than the non-fasciated parents. Of interest, however, is the 
indication that the direction of dominance is not always in the direction of 
oblateness as in the case of Oxheart, Pear and Plum shapes. Shape in these 
varieties may be determined by genes at several loci and there may be distinct 
dominant fruit lengthening genes, which make the fruit more ovate. 

If various strains of Lycopersicum esculentum differ in their minor shape 
genotypes, there is every likelihood that their minor locule number genotypes 
are also different, though the difference in this respect may not be so great 
since locule number is much less subject to conscious selection than fruit shape. 
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LINDsTROM (1928) drew attention to the high positive correlation between 
the flattened shape and large size. His data were all derived from crosses in 
which the more oblate parent was of larger size, and he, therefore, hesitated to 
decide between the alternative of linkage or pleiotropy (morphological associ- 
ation) until he had studied crosses in the reverse association. YEAGER (1937) 
has reported on such crosses in which the more oblate parent was of smaller 
size (and sometimes with more numerous locules), and in these there was still 
a positive correlation, indicating that the pleiotropic interpretation is to be 
preferred. YEAGER’s further analysis of partial correlations is particularly in- 
structive. He found that in some families which gave significant positive cor- 
relations between weight and shape, significant megative correlations occurred 
between these attributes when locule number was eliminated. YEAGER inter- 
prets this as throwing considerable doubt on the validity of the assumption 
that oblate shape determines large size. He concludes that weight and shape 
are only associated because of their mutual association with locule number, 
and brings forward a hypothesis involving the association of oblateness and 
small locule number. A much more plausible interpretation of his reversal of 
the usual weight-shape correlation on elimination of locule number is that 
large size genes other than those which affect size by way of locule number are 
fundamental fruit lengthening genes—that is, genes which make the fruit more 
ovate. 

We thus arrive at the conclusion that fruit shape is determined by two sets 
of mutually antagonistic size factors—(a) general size genes, which primarily 
affect longitudinal growth, and by (b) chromosome 1 genes which partially 
determine increase in locule number and within limits the amount of lateral 
“filling out” of the fruit. It is likely that there are, in addition, other general 
size genes which have no effect on shape at all. 


Chromosome 5 Genes 


It is evident from his description that the character which MACARTHUR 
(1926) describes as fasciation in the Albino Ponderosa strain is true fasciation. 
It has a “distinctly lobulated irregular contour, the irregularity extending to 
the extreme of producing compound fruits by fusion of as many as four. This 
roughness of outline is anticipated even in the flower by a strongly correlated 
flattening of the pistil, a high number of petals and sepals (eight to ten or more 
instead of five to seven) and by a very large number of ovarian locules.” 

Later MacArtuHurR (1934) showed that the recessive gene responsible for 
fasciation (f) is located on chromosome 5 which also carries genes for red- 
green (A, a) and leafy inflorescence (Lf, /f). From MACARTHUR’s statement, f 
(fasciation) and o (elongated fruit) show a complex interaction which defies 
analysis in progenies where both are segregating. 

Powers (1939) has published an analysis of locule number inheritance in a 
cross between L. esculentum strain Johannisfeuer and L. pimpinellifolium (Red 
Currant). By inference it is made to appear that the locule number segregation 
is determined by a main gene on chromosome 1, since he locates a locule 
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number gene of considerable potency midway between the shape gene O (short 
fruit) (which is known to be located on chromosome 1) and a gene pair G, g 
controlling the difference between smooth and grooved fruit. This gene has not 
been described in detail by PoWERs or any other worker, and the presumed 
linkage (of about 15-18 percent) is only demonstrated in the coupling and not 
in the repulsion phase. In such a wide interspecific cross of this type, the avail- 
able data can be interpreted equally well as indicative of a pleiotropic associ- 
ation of grooving with shape and locule number. The apparent crossover be- 
tween grooving and shape here is the result of minor gene segregation. Not 
until it has been demonstrated in the repulsion phase can such an association 
as this be accepted as genetic linkage. So far as his shape segregation (O, 0) is 
concerned, there is no genetic evidence that the segregation refers to chro- 
mosome one. The Johannisfeuer parent with grooved fruits has a locule num- 
ber of 9.6, and this, together with a photograph of a transverse section of fruit 
which shows a flattened placenta, is strongly indicative of fasciation as inter- 
preted in this study. Powers found a strong correlation between oblate fruit 
and high locule number. 

Since the gene on chromosome 1 which affects locule number also affects 
shape apparently by reason of morphological associations, it seems highly 
probable that the shape segregation which Powers scored was an expression 
of the fasciation or locule number gene on chromosome 5. In connection with 
this hypothesis that locule number, shape and grooving are pleiotropic effects 
of the same gene, it is significant that the two apparent crossover classes have 
identical locule numbers. POWERs interpreted this as indicating that a locule 
number gene was situated midway between the shape and grooving genes. My 
interpretation is that these two groups represent intermediates between the F 
(non-fasciation) and f (fasciation) genotypes whose distinction is obscured by 
the concurrent segregation of other minor genes, and any separation of them 
into two approximately equal sized groups is likely to be purely at random 
insofar as the main genotype is concerned. 

Powers’ F, and F; data demonstrated that shape shows little if any domi- 
nance, while the few loculed character is highly dominant over the many 
loculed (fasciated) one. Evidently, the dominance situation in this interspecific 
cross is nearly the same as in some crosses within L. esculentum. 

There is evidence that the shape genotype is highly variable, more so be- 
tween varieties within L. esculentum than between the two species, and there 
is, therefore, every likelihood that the genetic basis for fasciation, at least in 
some of it aspects, differs from strain to strain. 


SUMMARY 


Fasciation in tomatoes affects primarily the floral whorls and the terminal 
stem. The apex of the stem becomes distorted, flattened, disorganized and re- 
curved upon itself. High loculed fruits occur at infrequent intervals. While the 
variety Beefsteak generally possesses ten to 12 locules, many specimens have 
been noted which have 60 to 100 locules and one specimen with 215 locules 
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was observed. Such monstrous fruits may contain a very high seed number, up 
to 250 seeds in one instance. 

All floral whorls are affected by fasciation. Abortion of pollen was found re- 
peatedly. The distorted pistils in many instances were wholly or partially in- 
capable of functioning. From one to seven pistils, both functional and abortive, 
were often present in the same flower. Sterility was present and such specimens 
failed at anthesis. In the majority of cases fertility appeared to be almost per- 
fect. The gynoecium in general seems to be the most affected and the calyx the 
least. The average number of parts per floral whorl is seen to be progressive 
from the outer toward the innermost. 

There is a striking trend toward lower locule number as the season advances. 
This was exhibited in every one of the varieties. Analysis of variance indicated 
that the differences in mean locule number between months within a variety 
as were those between varieties, were highly significant. The end-of-season 
effect was most pronounced in the highly fasciated varieties; this was clearly 
brought out by a highly significant interaction between varieties and months. 

In comparing pollination and fruit set values Red Pear as a pollen parent 
gave the highest percent of sets and Santa Clara Canner, among the fasciated 
varieties, set the highest percent. What significance can be attached to this is 
uncertain. 

The F, generation in every instance gave evidence that non-fasciation in 
tomatoes is partially dominant. The average F; locule number always ex- 
ceeded the average of the non-fasciated parent. The association between the 
F, plants was almost proportional to the magnitude of their fasciated parental 
values. 

Red Currant (L. pimpinellifolium) and Sugar (L. esculentum) show the 
highest degree of dominance for non-fasciation. Least dominance was exhibited 
by Red Peach and Yellow Peach, both possessing the highest locule number 
among the non-fasciated parents. Since these varieties are smooth, oval and 
regular in fruit contour one must presume that they possess either or both Lc 
and F genes. Yet they differ markedly in their degree of dominance when 
crossed with strictly fasciated varieties. 

A noticeable difference existed among the fasciated varieties with respect to 
the degree of modification of their F; progeny. Marglobe and Pritchard were 
most affected. The highly fasciated varieties such as Brimmer, Colossal, and 
Baldwin II were modified only slightly. This indicates that in addition to one 
or two major recessive fasciation genes, they may possess numerous modifying 
genes that determine the degree to which the character is expressed. 
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INTRODUCTION 


HE modification of a mutation rate induced by X-radiation has been 

effected only in Drosophila where the use of low temperatures has been in- 
strumental in significantly raising the rate of recessive lethals (MEDVEDEV 
1935; Kine 1947), a finding which, however, does not have the support of all 
investigators in this field (see Kinc 1947). Should the data of Kine and others 
be further substantiated by additional experimental proof, it becomes increas- 
ingly evident that a close parallelism exists between mutation rate and 
chromosome breakage on one hand and recombination on the other, since data 
available from several sources (PAPALASHIVILI 1935; MickEy 1939; Sax and 
ENZMANN 1939; HERSKOWITZ 1946) give convincing evidence that low tem- 
peratures raise the rate of X-ray-induced chromosomal aberrations. This par- 
allelism may be more apparent than real, however, for the exact relationship 
between gene and chromosome change still remains somewhat of an enigma 
insofar as radiation studies are concerned (MULLER 1941). 

The fact that treatment of the chromosomes of Drosophila and Trades- 
cantia with near infrared radiation prior to X-radiation markedly increases the 
rate of detectable aberrations (KAUFMANN, HOLLAENDER and Gay 1946; 
SWANSON and HOLLAENDER 1946 a, b) suggests that this type of near infrared 
radiation, which alone is without detectable biological activity when chro- 
mosome aberrations and gene mutations are used as criteria of effect, may, in 
combination with X-radiation, modify the mutation rate. The first report of an 
attempt of this kind was made by KAUFMANN and Gay (1946), who found that 
infrared treatment of the X-chromosome of Drosophila was ineffective in in- 
fluencing those types of induced changes which characterize recessive lethals. 
It was thought, however, that a study of this sort could profitably be made on 
the induced mutation rate in the fungi, and it is the purpose of this paper to 
present the data so obtained. In addition, comparative data on the effect of 
infrared on the modification of the ultraviolet-induced mutation rate are in- 
cluded, providing information which further emphasizes the differences ex- 
hibited by these two mutagenic agents. 
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MATERIAL AND METHODS 


A strain of Aspergillus terreus, derived from the cultures used and described 
by HoLLAENDER, Raper, and CoGHILL (1945) in their mutation studies, served 
as the testing organism in these experiments. Trichophyton mentagrophytes and 
Penicillium notatum were also used for confirmatory experiments, but these 
data will not be included in this report although, in each instance, the results 
obtained from Aspergillus terreus were borne out. 

The method of preparing the spores for irradiation was as follows: ten to 14 
day sporulating cultures grown on potato-dextrose agar were washed with 
sterile distilled water to which had been added a detergent, sodium laury] 
sulfonate, in a concentration of 1:10°. The resulting spore suspension was 
thoroughly shaken to break up the spore clumps, filtered through sterile cot- 
ton, centrifuged, resuspended, and refiltered. This spore suspension was ar- 
bitrarily called dilution O. In the X-ray studies dilution O was irradiated since 
the dilution factor would have no effect on the penetration of the radiant 
energy. Dilution 2, which varied from dilution O by a factor of 100, was em- 
ployed in the ultraviolet experiments to permit proper penetration of the 
radiant energy throughout the suspension. After irradiation, the spores were 
plated out on potato-dextrose agar, then picked and sub-cultured when the 
colonies had reached a sufficient size so as to be readily distinguishable. 

The spore suspension to be X-rayed was placed in a covered plastic con- 
tainer one and one half inches in diameter and irradiated simultaneously from 
top to bottom by two Coolidge-type tubes, operating at 170 kv and 20 ma, and 
each equipped with two filters, one of copper 0.25 mm thick and the other of 
aluminum 1.06 mm thick. Under these experimental conditions the tubes de- 
livered a total of approximately 8500 r units per minute. 

The source of ultraviolet was a 15-watt low pressure mercury vapor lamp 
with a special glass envelope operating at 115 volts. This source emitted 90 
percent of the short ultraviolet (that is, below 3000 A) at 2537 A. Ten ml of 
the spore suspension were placed in a 50 cc fused quartz flask and slowly 
rotated at an angle in the beam of ultraviolet. Samples were removed and 
plated out at the appropriate time intervals. Treatment will be given in units 
of time rather than of ergs/cm?. Energy values for the transmitted light at 24 
inches from the source were approximately 130 ergs/cm?/second. 

The infrared treatment always preceded radiation by X-rays or ultra violet. 
The method of applying the infrared was similar to that previously described 
by KAUFMANN, HOLLAENDER and Gay (1946). The radiation from a 250-watt, 
115-volt infrared lamp of the industrial type was focussed on the sporulating 
culture by means of a plano-convex glass lens after being passed through an 
iodine-saturated carbon tetrachloride filter 13 cm deep and a Corning heat 
resistant glass filter No. 242. With this filter system the peak of the transmis- 
sion curve was at about 10,000 A. The culture tube was constantly cooled by 
running tap water during the exposure of three days. 

All mutants classified as such were of a morphological nature. No attempt 
was made, except in one of the ultraviolet trials, to determine the number or 
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kinds of biochemical mutants. Morphological changes which commonly oc- 
curred were those affecting the nature of the mycelium, colonial growth, rate 
of growth, spore color, degree of sporulation, and color and degree of substrate 
pigmentation. On serial transfers to fresh agar slants these mutants maintained 
their individuality and did not revert to normal. Since Aspergillus terreus has 
no known sexual stage, the mutants could not be subjected to genetical analy- 
sis. The chromosome situation likewise could not be investigated, and hence 
the mutants probably include both gene mutations per se as well as those re- 
sulting from chromosome changes of one sort or another. 


X-RAY STUDIES 


The numerical data obtained from the X-ray treatment are presented in 
table 1, and these are summarized graphically in figure 1. The range of the 
dosage was from 8500 r units to 170,000 r. At the latter dose, the spore survival 
was between 0.001 to 0.0008 percent of the untreated controls. There appeared 
to be no effect of the infrared on the rate of spore survival. 

Referring to figure 1, the summarized data clearly indicate that at any par- 
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Ficure 1. Graphic presentation of the relationship between mutation rate and X-ray dose, 


with and without pretreatment with near infrared radiation. Data taken from the last column in 
table I. 


ticular dose the percentage of mutants was consistently higher when the in- 
frared preceded the X-radiation than it was in the X-ray controls. The three 
instances in which the reverse was found to be true are the 2-minute treatment 
in experiment F55, the 4-minute treatment in F64, and the 8-minute treatment 
in F51 (table 1). An analysis of variance of the block of treatments at the 2-, 
4-, and 8-minute treatments, however, shows a significant increase in mutation 
rate in the infrared-X-ray group, the P value being approximately 0.01. The 
miscellaneous data obtained at the 1-, 12-, 16-, and 20-minute exposures pro- 
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vide additional supporting evidence that the infrared effectively modifies the 
X-ray-induced mutation rate in this organism. The infrared, as judged from 
the isolation of 321 colonies which received only this type of radiation, posses- 
ses no mutagenic effect. Both curves approach linearity with dosage, as would 
be expected, although the one-minute exposure yielded a lower percentage of 
mutations than expected on a straight-line relationship. 

No attempt was made to classify types of mutants as was done by RaPEr, 
COGHILL, and HOLLAENDER (1945), and indeed this is somewhat impractical 
because of the great variation in types, but casual observations seemed to 
indicate that the infrared did not promote the increase of any particular mu- 
tant type. 


TABLE 2 


The effect of pretreatment with infrared on ultraviolet-induced 
mutations in Aspergillus terreus. 

















ULTRAVIOLET INFRARED-+ ULTRAVIOLET 
TREATMENT IN ees, 
ee NO. COLONIES % MUTATIONS NO. COLONIES % MUTATIONS 
0 395 0.00 419 0.00 
2 259 2.7 287 2.1 
4 286 8.04 285 8.8 
8 507 31.8 494 31.2 
12 583 34.8 598 40.00 
16 430 38.3 369 45.8 
20 163 33.7 122 25.4 
24 496 17.7 479 27.5 
32 142 7.7 138 19.6 
40 159 5.0 109 17.4 
48 153 0.65 


154 10.4 








1 The incident energy of ultraviolet (2537 A) was approximately 130 ergs/cm*/sec. 


ULTRAVIOLET STUDIES 


It has been previously stated on the basis of preliminary experiments carried 
out at the NATIONAL INsTITUTE OF HEALTH, Bethesda, Maryland (SWANSON 
and HOLLAENDER 1946b) that if infrared preceded exposure to ultraviolet the 
mutation rate at low energies was lower, and higher at high energies, than in 
the ultraviolet controls which had received no treatment with infrared. This 
tentative conclusion has been further tested, and the data are given in table 2. 
and presented graphically in figure 2. 

The ultraviolet mutation curve is similar to that obtained by HOLLAENDER 
and Emmons (1941) in that at high ultraviolet energies the rate of mutations 
falls rapidly until, in this instance, at a 48-minute exposure a rate of 0.65 per- 
cent was obtained. Referring to figure 2, it is apparent that the infrared does 
not depress the mutation rate at low energies, as had been previously supposed, 
and, in fact, the infrared appears to have no effect at dosage levels of two, four, 
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and eight minutes, the levels at which an increase or decrease should be found 
if present. At the higher doses, from the 12- to 48-minute exposures, a con- 
sistently higher mutation rate, with but one exception, was obtained when the 
infrared preceded the ultraviolet. The peaks of the two curves, however, fall at 
the same dosage level, and the decline in mutation rate was roughly parallel. 
As in the X-ray study, the types of mutants in the infrared-ultraviolet and the 
ultraviolet series were distributed at random, with no particular type of 
mutant appearing in one series more than in the other. 
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Ficure 2. Graphic presentation of the relationship between mutation rate and ultraviolet dose 
with and without pretreatment with near infrared radiation. 


The isolates from only one experiment, comprising 1362 separate colonies, 
were tested on a minimal medium for biochemical mutations. Two such mu- 
tants were obtained which were normal appearing on the potato-dextrose agar, 
but which would not grow on the minimal medium. Further testing indicated 
that one required an unidentified amino acid for growth, and the other an 
unidentified vitamin. Among the 222 morphological mutants obtained in this 
group of 1362 isolates, nineteen revealed a biochemical deficiency on minimal 
medium, but none was a clear-cut mutant in that it required a single amino 
acid or vitamin for growth. This fact leads us to suspect that many of the so- 
called mutations are actually chromosomal deficiencies, comparable perhaps to 
those which McCirntock (1944) has found in maize. 


DISCUSSION 


Modification of the mutation rate induced by both X-rays and ultraviolet 
has been previously reported. K1nc (1947) has recently substantiated the re- 
sults of earlier workers in demonstrating that significantly higher rates of 
recessive lethals can be obtained by exposing the males of Drosophila to low 
temperatures during X-radiation. This is apparently a direct effect on the 
mutation process. An indirect method of modifying the mutation rate has 
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been utilized by HOLLAENDER and Emmons (1941). By incubation of ultra- 
violet-treated spores of Trichophyton mentagrophytes in physiological saline for 
varying periods of time after exposure they have obtained a greater recovery 
of mutated spores, thus appreciably raising the mutation level, particularly at 
those ultraviolet doses where a decline in mutation rate was to been expected. 
The increase in recoverable mutants was greater with increasing time of incu- 
bation. The explanation advanced to account for the recovery of a greater 
proportion of mutated spores was that the decrease in mutation rate at the 
higher doses of ultraviolet was due to a selective killing of the mutated spores, 
these having a lowered viability which hindered their germination and growth, 
and that incubation in saline before germination permitted recovery processes 
to repair the injuries which would otherwise be lethal to the mutated spores. 

It is assumed that a similar situation obtains for the ultraviolet and the 
infrared-ultraviolet curves shown in figure 2. The fact that there is no change 
in mutation rate at the lower doses with pretreatment with infrared is ample 
justification for the assumption that the infrared has no direct effect on the 
ultraviolet induced mutation rate, neither increasing nor decreasing it. Begin- 
ning with dosage levels of 12 minutes and longer, a definite increase in mutation 
rate holds, and it seems most logical to assume that the infrared, when ab- 
sorbed by the spore, imparts to it a nongenetic cytoplasmic effect which aids 
the mutated spore to recover sufficiently to germinate and grow, this being 
reflected in an increased mutation rate. The characteristics of the curve thus 
approximate rather closely those of the family of curves obtained by Hot- 
LAENDER and Emmons (1941, fig. 3) following incubation of spores for varying 
periods of time, and which are best understood by assuming an increased re- 
covery of mutated spores. No explanation is advanced as to the manner by 
which the spore can utilize the energy of the infrared for the processes of re- 
covery. 

If the above interpretation is correct, that is, that the infrared gives an in- 
creased viability to the mutated spores, is it possible so to construe the in- 
creased mutation rate obtained when infrared is combined with X-rays? The 
fact that KAUFMANN and Gay (1946), using a similar approach, found no in- 
crease ir recessive lethals in Drosophila suggests that the mutation process 
per se is unaffected by the infrared, and this could be cited as supporting 
evidence for the hypothesis that the infrared absorption provides for a greater 
viability of the mutated spores, thus insuring their increased recovery, regard- 
less of the method of mutation induction. Other experimental findings, how- 
ever, militate against such an interpretation for the increase in X-ray induced 
mutants. In the first place, HENSHAW (1938) has shown that the nuclear rather 
than the cytoplasmic effects of X-rays contribute largely to the death of cells; 
this is not believed to be true for ultraviolet, for a considerable portion of the 
ultraviolet is absorbed by the extranuclear components of the cell. Secondly, 
the increase in mutation rate is evident even at the lowest X-ray dose (figure 
1), and is in substantial agreement with the data on chromosome breakage 
(KAUFMANN, HOLLAENDER and Gay 1946 on Drosophila; Swanson and Hot- 
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LAENDER 1946 on Tradescantia). Lastly, observations on the rate of germina- 
tion of treated spores suggest that in those spores which have been X-rayed 
the infrared is without effect on the processes of recovery since onset of germi- 
nation is not significantly impaired even by massive doses of X-rays. Spores 
receiving over 100,000 r units germinate as rapidly as the untreated controls 
whereas ultraviolet-treated spores are delayed in recovery proportional to the 
amount of energy absorbed. Spores receiving a heavy dose of ultraviolet may 
be delayed two to three days in germination, yet develop into normal colonies, 
thus lending support to the contention of HOLLAENDER and Emmons (1941) 
that cytoplasmic effects induced by the ultraviolet exert a selective killing 
action on those mutated spores which, because of their altered genetic state, 
have a lowered viability. 

The X-radiation studies of SANSOME, DEMEREC, and HOLLAENDER (1945) on 
Neurospora crassa provide data which may serve to elucidate the question as 
to whether the infrared pretreatments affect the mutation process directly. 
Their data show that, for identical total doses of X-rays, a higher mutation 
rate was obtained with high than with low intensities. Associated with this 
higher mutation rate was a higher proportion of mutants showing increased 
sterility in crosses to a standard wild type, suggesting, although not clearly 
proving, that the increase in visible mutants might have been due to an in- 
creased rate of aberrations, a phenomenon known to be related to the dose 
intensity. Since it has been further postulated (KAUFMANN, HOLLAENDER, and 
Gay 1946; KAuFMANN and Gay 1946) that the increased rate of chromosome 
aberrations produced by pretreatment with infrared is due to an increased rate 
of recombination, it is entirely possible that the stimulatory effect of the 
infrared on the X-ray induced mutation rate in Aspergillus terreus is due to a 
greater production of mutants associated with aberrations. This remains to 
be conclusively demonstrated, however. 

It is concluded, therefore, that while the infrared increases the X-ray- 
induced mutation rate directly by affecting the mutation process (assuming no 
distinction between gene mutations and those inherited changes dependent 
upon chromosomal aberrations), it does not increase the ultraviolet-induced 
mutation rate except in that it permits a greater number of the mutated spores 
to survive at those doses where they would ordinarily have succumbed to 
cytoplasmic injuries. 


SUMMARY 


Data are presented on the X-ray and ultraviolet induced mutation rates in 
Aspergillus terreus as affected by pretreatment with infrared. When combined 
with X-rays, the infrared causes a significantly higher mutation rate through- 
out a dosage range of 8500 to 170,000 r units. Infrared, however, does not 
increase or decrease the ultraviolet-induced mutation rate at low doses where 
an effect, if present, would be expected to appear, but at higher doses, when 
the mutation rate is declining, it does raise the rate level. This has been in- 
terpreted to mean that the mutated spores, by some mechanism unknown at 
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present, can utilize the energy of the infrared in the processes of recovery and 
growth in such a manner as to permit the survival of a greater number of 
mutants. 
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